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Abstract: Currently, one of the most serious threats to the environment in rural areas is industrial
livestock production, which generates a significant amount of chemical and biological pollution.
It causes pollution of waters, affects biodiversity, and has an impact on the climate. Research was
carried out in the Orla River (Poland) with a catchment area of 1.546 km2. Studies were concentrated
on pH, dissolved oxygen, alkalinity, and other factors. Analyses were conducted on the area of
livestock buildings in two buffer zones, 1 and 3 km wide, respectively, and included the abundance
of phosphorus and potassium in soil as well as its potential impact on the quality of river water.
Seasonal variability was observed for nutrients. In the winter period the highest concentrations of
nitrates were observed, while in the summer this was the case for phosphates and total phosphorus.
The highest concentrations of nutrients occurred in 2012, particularly total and ammonium nitrogen.
There was a positive correlation between livestock building area and parameters such as ammonium,
organic, and total nitrogen in the 1 km buffer, as well as organic and total nitrogen, potassium and
dissolved oxygen in the 3 km buffer. Negative correlation in the case of pH was observed in both
buffer zones. Relationships were found between the area of livestock buildings and parameters
analyzed during seasons.

Keywords: Orla River; agricultural catchment; water quality; NVZ; animal production; point sources
of pollution

1. Introduction

In the face of ongoing changes in the climate and environment, the starting point for
regulation of ecological processes is proper water management on a river basin scale. Water
is a fundamental factor shaping the evolution of ecosystems and constitutes the basis of
ecosystem services [1,2]. Processes generating threats on a global scale affect the integration
of hydrological and ecological knowledge. The deteriorating condition of the environment,
the progressive reduction of biodiversity and the growing costs of food production indicate
that the existing forms of counteracting these changes are insufficient. We are living in an
epoch called the “Anthropocene”, in which humans are the main driving force behind the
modifications of element cycles [3,4]. It manifests itself in the degradation of the ecosystem
structure and the modification of processes shaped in the course of evolution, such as the
circulation of water and biogenic elements. Currently, these phenomena are overlapping
with global demographic, climatic, and socioeconomic changes, which frequently have
devastating effects on local environments [5,6].

During the last several years, strongly industrialized agriculture has started to develop
both in Poland and globally, thus negatively affecting the environment and its natural
elements. This phenomenon is visible in large-scale industrial animal farms, which are
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at odds with small and medium-sized family farms. In the US, they are referred to as
concentrated animal feeding operations (CAFOs) [7]. In Poland, there are approx. 1.4 mil-
lion farms. The vast majority are engaged in livestock production. According to Statistics
Poland, between 2010 and 2019, the number of livestock in Poland increased—cattle by
11%, chickens by up to 36%, ducks by 113%, and turkeys by 116% [8]. In 2019, industrial
feed consumption increased by 44% as compared to 2010. Poland ranks 15th globally in
terms of the number of pigs [9]. According to FAO statistics, in the period between 1970
and 2010, the total number of livestock in the world increased by 196% (with the increase
ranging from 32 to 565% in individual farms). As shown by the Consultative Group on
International Agricultural Research, if the current trend continues into 2050, the number of
poultry alone will rise to 35 billion units.

The measurement of the weight of living organisms on Earth revealed that humans,
amounting to 7.6 billion individuals, account for as little as 0.01% of all living organisms.
Recent analyses show that poultry accounts for 70% of the global population of birds. In the
case of mammals, 60% is represented by livestock, mainly cattle and pigs, humans account
for 36% of the total number, while wild animals represent less than 4%. The vast majority
of livestock are farm animals. Such an enormous number of livestock produces a massive
volume of excrements, which requires management. A part of it is transferred directly onto
fields, but due to the current recommendations and requirements arising from the imple-
mentation of the Nitrates Directive [10] in the EU, a significant proportion of excrements
must be stored in designated and specially prepared areas. Manures should be stored in
conditions that minimize the loss of all nutrients that occur during fermentation [11,12],
but also scouring of nitrogen and potassium compounds by water, or insoluble phosphorus
compounds (e.g., during manure pile flushing) [13]. High nitrates levels of up to 1860 mg
NO3·dm−3 are observed in water from wells situated near manure storage sites (in the Orla
River catchment area—Barycz River Basin) [14].

Over the period of several years of research on farms involved in livestock production
located in Poland, as many as 42% did not have the recommended manure pad and 24%
did not have a tank for liquid manure. The oldest manure pads were built in the 1950s. In
the case of liquid manure tanks, some structures date back as far as 1924. Among the farms
analyzed, 25% had manure pads built in the period before the accession to the EU (before
2004). Respectively, in the case of slurry or liquid manure tanks, approx. 69% of them
came from the aforementioned period [15]. As large animal farms develop, the problem of
manure management exacerbates. On the one hand, there is a risk of over-fertilization with
animal excrements. On the other hand, there is the problem of how to store these excrements
temporarily. At present, a large proportion of farms uses beddingless breeding for livestock
farming, which results in liquid manure. Since these excrements are liquid, they pose a
major threat to the quality of groundwater, underground water, and surface water. This
makes them very easy to pass soil profiles and they quickly leach. Intensive fertilization
with animal excrements contributes to increased surface water pollution levels [16,17].

Some authors indicate that the water footprint of each animal product is greater than
that of plant products of equivalent nutritional value. The average water footprint per
calorie of beef is 20 times higher than cereals and starchy roots. The water footprint per
gram of protein for milk, egg and chicken meat is 1.5 times higher than, for example,
pulses [18]. The authors note that factory farming systems consume and pollute more
groundwater and surface water resources compared to traditional systems. The main
problem is the detrimental efficiency of feed uptake by livestock, which is largely affected
by the relatively large water footprint of animal products and the pollution of water bodies.
Increasing global meat consumption and intensification of livestock production systems
will put further pressure on global freshwater resources in the coming decades [18].

The consumption of industrial feeds with high nutrient content is rising along with
the development of livestock production. Undigested components are excreted, causing
their concentrations in manure to increase and thus posing a threat to soil and water quality.
In the period from 2005 to 2017, feed consumption in Poland expanded dramatically—by
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83.6% (2005 = 100%) in total for all types of livestock. The comparison of 2017 with 2016 by
species shows that the largest growth (19.8%) of feed consumption was recorded in cattle
rearing. For pigs and poultry, the increase amounted to 16.8% and 6.2%, respectively.

As the world’s population grows and the level of human needs in developing countries
increases, so does the intensity of the use of the environment. In addition to the expected
outcomes, human activity also contributes to the generation of sewage. It poses a serious
threat to the environment, and its volume is directly proportional to the standard of living.
Despite recent investments, rural areas in Poland are less developed in terms of technical
infrastructure than urban areas. This applies particularly to water and sewage management
facilities and equipment. It results from the dispersed nature of rural development, its
difficult accessibility (upland and mountain areas), and thus the high cost of investment
projects in non-urbanized areas. Sewage generated within farms varies in composition and
nature. It primarily consists of domestic wastewater, animal excrements, leachate water
from places where manures or juicy feeds are stored, or water run-off from fields and rural
farms [19–21]. Another problem can be precipitation (rain and snowmelt) wastewater,
as well as infiltration and drainage water flowing away from land on which drainage
operations have been carried out. On farms, sewage may also be generated as a result of
the washing of farm premises, paved areas and farm machinery. The supply of drinking
and industrial water to non-urbanized areas constitutes one of the basic conditions for the
evolution of agricultural and livestock production, as well as for the improvement of the
standard of living and hygiene of the rural population. The continuous growth of rural
areas results in an increase in the demand and consumption of water and the volume of
the generated sewage. As much as 60% of rural development in Poland is scattered, with
distances between neighboring properties exceeding 45 m. This is an unfavorable factor for
the construction of collective water supply and sewerage facilities [22,23].

As the quality of water in agricultural catchments may be subject to pressure from
various sources of pollution, this study attempts to assess the impact of large-scale animal
farms, which create an increasing environmental problem both in Poland and in the world.
The aim of this research is to assess the quality of water in the agricultural catchment in
the context of new threats resulting from the intensive development of industrial animal
farms. A working hypothesis was formulated in the research that it is possible to assess the
potential impact of livestock production on water quality on the basis of the area of livestock
buildings. The research and analyses included the following specific objectives: (1) analysis
of the area of livestock buildings in two buffers 1 km and 3 km from the monitoring point
on watercourses; (2) analysis of connections between the area of livestock buildings in
buffers and water quality parameters; (3) analysis of water quality changes in the Orla River
and its tributaries in years and seasons (spring, summer, autumn, winter); and (4) analysis
of soils abundance in the catchment and the interaction (synergism, antagonism) between
the components in the soil and in the water.

2. Materials and Methods
2.1. Study Area

The research covered the Orla River catchment in western Poland (Figure 1). Adminis-
tratively, the river under study is located on the border of two voivodships: Greater Poland
and Lower Silesian. The Orla River is a right tributary of the Barycz River with a length of
88 km and a catchment area of 1546 km2. There are no lakes in the catchment, only a few
artificial water reservoirs. In the southern part, there is a complex of fishponds called the
Milicz Ponds, which remain under legal protection. Lakes constitute 1.2% of the analysed
area (0.9% of Poland in general).
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Figure 1. Location of the Orla River catchment area in comparison to Poland and neighboring countries.

The Orla River catchment has an agricultural character (with arable land and grassland
accounting for 64.3% and 8.8 % of the total area). Forests cover 21.5% of the catchment
area (in Poland, they account for 29.8%, in Europe—32.2%, in the world—30.6%) [24,25].
Forest complexes consist mainly of pine forests. There are differences in use between parts
of the catchment in individual voivodeships. In the Greater Poland Voivodeship, the share
of arable land and forest land amounts to 77% and 16%, respectively. The catchment area
located in the Lower Silesian Voivodeship is characterized by a much smaller share of
arable land (58%), but a larger share of forests (30%). The region of the catchment under
study is rich in protected areas, which are concentrated in its southern part [26].

The catchment area is sparsely urbanized. The two largest cities are Rawicz (on the
western side of the catchment) and Krotoszyn (on the eastern side). The total proportion of
built-up area in the catchment region is 4.1%.

According to the agronomic soil quality classes (I—the best; II—very good; IIIa—
good; IIIb—medium good; IVa—medium quality, better; IVb—medium quality, inferior;
V—weak; VI—weakest) the Orla River catchment is dominated by soils of class III (41.3%)
and IV (22.2%). Class V and VI soils constitute 16.1% and 10.2%, respectively [27]. The
annual rainfall in the region amounts to 500–550 mm. The groundwater level fluctuates
significantly. In recent years, it has considerably declined due to periods of drought.

The Orla River is considered sensitive to pollution by nitrogen compounds from
agricultural sources. This results from the implementation of Council Directive 91/676/EEC
of 12 December 1991 in Poland [10].

Sixteen monitoring sites located in agriculturally used areas on the main watercourse
and tributaries were selected for analysis to exclude the direct influence of other sources
of pollution on the study results (Table 1; Figure 2). Since the research targeted areas
with intensive agricultural production, four watercourses in the southern part of the
Orla catchment were not monitored. They include small watercourses: Rów Graniczny,
Kanał Młyński, Kanał Książęcy and Wąsoska Struga, mostly located in the Barycz Valley
Landscape Park. Their catchments are characterized by a much higher proportion of forest
and woodlots, reaching 50%, on average, and a significant share of wetlands and surface
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water. Previous studies carried out by the authors indicate that these sub-catchments do
not significantly impact the overall state of water in the Orla River catchment [28]. The
studies were conducted in 2011, 2012, and 2014.

Table 1. List of control sites.

River Code River Name Site Name Latitude (N) Longitude (E)

O1 Orla Koźminiec 51◦49′18.02′′ 17◦36′02.28′′

O2 Orla Wyki 51◦49′34.17′′ 17◦33′45.33′′

O3 Orla Staniew 51◦49′25.46′′ 17◦24′37.17′′

O4 Orla Skałów 51◦48′19.05′′ 17◦22′58.75′′

O5 Orla Unisław 51◦46′20.03′′ 17◦21′55.04′′

O6 Orla Kuklinów 51◦44′11.55′′ 17◦19′00.41′′

O7 Orla Baszków 51◦41′38.46′′ 17◦15′40.90′′

O8 Orla Dubin 51◦37′23.46′′ 17◦08′12.59′′

O9 Orla Sowy 51◦35′24.06′′ 17◦02′30.13′′

O10 Orla Chodlewo 51◦32′37.77′′ 16◦49′54.98′′

O11 Orla Wąsosz 51◦33′49.33′′ 16◦41′34.36′′

R Radęca Wyganów 51◦43′57.41′′ 17◦16′12.92′′

SZ Szpatnica Dębionka 51◦34′51.15′′ 16◦59′23.71′′

D Dąbrocznia Stwolno 51◦36′05.41′′ 16◦55′55.24′′

M Masłówka Żylice 51◦37′37.83′′ 16◦47′50.18′′

ZP Żydowski Potok Baszków 51◦41′33.70′′ 17◦15′49.71′′

ZS Żylicka Struga Żylice 51◦37′50.34′′ 16◦49′35.25′′

Figure 2. Location of the testing points in the Orla River catchment (site codes in Table 1) O1—Orla
(Koźminiec), O2—Orla (Wyki), O3—Orla (Staniew), O4—Orla (Skałów), O5—Orla (Unisław), O6—
Orla (Kuklinów), O7—Orla (Baszków), O8—Orla (Dubin), O9—Orla (Sowy), O10—Orla (Chodlewo),
O11—Orla (Wąsosz), R—Radęca (Wyganów), SZ—Szpatnica (Dębionka), D—Dąbrocznia (Stwolno),
M—Masłówka (Żylice), ZP—Żydowski Potok (Baszków).

2.2. Methods
2.2.1. Physicochemical Analyses

The temperature, pH reaction, conductivity and oxygen concentration were measured
at all testing sites during fieldwork. Nitrite nitrogen, nitrate nitrogen, ammonium nitrogen,
total nitrogen, soluble reactive phosphates (SRP), and total phosphorus were analyzed in
a laboratory using the standard Hach–Lange methodology [29]. Records of physical and
chemical water parameters (alkalinity, potassium and calcium levels) and methods of their
determination are summarized in Table 2.



Water 2022, 14, 2287 6 of 27

Table 2. Summary of methods used to determine individual chemical parameters.

No. Parameter Unit Method Source

1 Temperature ◦C in situ (Elmetron CC-401) [30]

2 pH - potentiometry [30];
(PN-C-04540-01:1990)

3 Conductivity (EC) mS·cm−1 Electrochemical
resistance [30]; (PN-EN 27888:1999)

4 Alkalinity mg CaCO3·dm−3 Potentiometric
titration

[30]; (PN-EN ISO
9963-1:2001/Ap1:2004)

5 Dissolved oxygen (DO) mg O2·dm−3 sensor method [30]; (PN-EN 25814:1999)
6 Nitrite nitrogen mg N-NO2·dm−3 colorimetry [30]; (PN-EN 26777:1999)
7 Nitrate nitrogen mg N-NO3·dm−3 colorimetry [30]; (PN-EN ISO 13395:2001)
8 Ammonium nitrogen mg N-NH3·dm−3 colorimetry [30]; (PN-ISO 7150-1:2002)
9 Organic nitrogen mg N-NH3·dm−3 Kjeldahl method [30]; (PN-ISO 7150-1:2002)

10 Total nitrogen (TN) mg N·dm−3

Total
Kjeldahl nitrogen
(Norg + N-NH4),

nitrite nitrogen and nitrate
nitrogen

[30]; (PB-23:2006
with the use of

PN-C-04576-14:1973)

11 Phosphates (SRP) mg PO4·dm−3 colorimetry [30]; (PN-EN ISO 6878:2006)

12 Total phosphorus (TP) mg P·dm−3 colorimetry [30]; (PN-EN ISO
15681-2: 2006)

13 Potassium mg K·dm−3 flame photometry [31]

14 Calcium mg Ca·dm−3 Complexometric
titration [32]

2.2.2. Spatial Analysis

Selected results of physicochemical analyses of water from the Orla River and its
tributaries were studied in terms of the presence of active livestock buildings in designated
buffers. The 1- and 3-kilometer radius buffers were set around the analyzed monitoring
points (Figure 3). Each of them had an area of 3.14 and 28.3 km2. The circular buffers
have been selected on purpose. Livestock buildings are quite a specific source of pollution.
Pollutants from animal buildings can be emitted directly (e.g., dust, microbial pollutants,
or ammonia and other volatile compounds), but also indirectly (e.g., by discharging animal
excrements as fertilizer to the fields located in different places and directions from farms).
As for the emission, it does not depend on the boundary between the catchment area.
Emission is related to the deposition (i.e., soil and water pollution with various compounds).
The spread of volatile pollutants can take place in different directions, as well as the
deposition. In order to obtain certainty in our results and to confirm certain trends, in this
study two circular buffers were used.

The areas of buildings for keeping livestock (cattle, pigs, poultry, horses and other
animals), located in the buffers, were collated and added up. This category included smaller
buildings on individual farms and large industrial animal farms. Spatial analyses that
included buffers were performed using the national database of spatial data with the
detail corresponding to the topographic map on the scale of 1:10,000. The Database of
Topographic Objects (BDOT10k) was used as the official source of information on land use.
The database was created based on technical guidelines contained in the Regulation of the
Minister of Internal Affairs and Administration of 17 November 2011 [33]. The analyzes
used information about the P2O5 and K2O content of soils of the Orla River catchment
(Figure 4).
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Figure 3. Buffers around the control points.

Figure 4. Share of soils with low and very low contents of P2O5 and K2O in nitrate vulnerable zone
of the Orla River catchment [34].

The Map of the Hydrographic Division of Poland (MPHP10k) was used to delimit the
boundaries of the Orla catchment. This is a spatial database with the detail corresponding
to the topographic map on the scale of 1:10,000, which constitutes the foundation of the
official hydrographic division of Poland. The database was created based on technical
guidelines contained in the Regulation of the Council of Ministers of 28 December 2017 [35].

2.2.3. Statistical Analyses

In order to evaluate the correlation between monitoring sites and water quality param-
eters, multivariate methods were used to analyze the results of the measurements [36,37].
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Canonical variate analysis, similar to principal component analysis, was selected since
datasets for analyzing classifications according to two or more sources of variability were
considered [38,39]. Apart from environmental research, canonical variate analysis and mod-
ifications thereof are widely used in various scientific fields [40,41], such as economics [42],
food science [43] and agriculture sciences [36,44]. In this case, it is assumed that yi,j,k

denotes the p× 1 vector of water quality parameters (here p = 13) from the ith monitoring
site (i = 1, . . . , I here I = 17) for the jth measuring series (j = 1, . . . , J here J = 4) and kth

year (k = 1, . . . , K here K = 3). The canonical variate analysis studies the model in the
following form:

Y = 1Nµ
′
+ X1Ξ1 + X2Ξ2 + X3Ξ3 + U

where Y
′
=
[
y1,1,1y1,1,2 · · · yI,J,K

]
is the N × p matrix of observations (N = IJK), 1N is the

N × 1 vector of every element equal to 1, µ is the p× 1 vector of general means, Ξ1 is the
I× p matrix of monitoring sites effects, Ξ2 is the J× p matrix of measuring series effects, Ξ3
is the K× p matrix of years effects, X1 = II ⊗ 1J ⊗ 1K, X2 = 1I ⊗ IJ ⊗ 1K, X3 = 1I ⊗ 1J ⊗ IK
are design matrices (symbol⊗ denotes the Kronecker product of matrices), IN is the identity
matrix of order N, U is the N × p matrix of errors [38].

In the study of differences in water quality parameters between monitoring sites, the
canonical variate analysis consists in transforming the matrix C1Ξ1, where C1 = II − 1

I 1I1′I ,
into a set of new variables. Following that transformation, this matrix is presented as

C1Ξ1 =
s
∑

i=1
λ−1/2

i ψiϕ
′
i, where s = min(p, I − 1), vectorψi is called the ith canonical coordi-

nate and vector λ−1/2
i ϕi is called the ith dual canonical coordinate [36,37,40]. To compare

monitoring sites or measuring series, the Mahalanobis distances [36] were calculated based
on the water quality parameters.

Moreover, the correlations between the area of livestock buildings (v) and the par-
ticular physical and chemical water parameters (z) in the designated 1 and 3 km buffer
were determined by calculating Pearson’s correlation coefficient (r) based on the equation:

r = (∑a
t=1(zt − z)(vt − v))/

(
∑a

t=1(zt − z)2 ∑a
t=1(vt − v)2

)0.5
where: a is number of repli-

cations, z and v are the average values of these samples. Coefficients were calculated in a
similar way to assess the relationship between the level of phosphorus and potassium in
soil of the studied catchment and the analyzed water parameters.

3. Results
3.1. Flow Characteristics

A water gauge is located on the Orla River in Korzeńsko. Its location corresponds
approximately to that of the O10 site (Orla—Chodlewo). Specific flows (1) recorded in the
Orla River catchment at the water gauge cross-section in Korzeńsko in the period 1981–2010
range from 0.06 (NNQ m3·s−1) to 4.46 m3·s−1 (Table S1). In the Korzeńsko cross-section on
the Orla River, moderately dry periods (years) occurred in 1983, 1984, 1989, 1991, 1993 and
2004. For the cross section, the SSQ flow in moderately dry years represents 32% of SSQ in
the multiannual period and SNQ—represents 52% of the multi-year value. Simultaneously,
there is a very high monthly diversification of flows—the highest flows occur in March:
SNQ = 4.613 m3·s−1, NNQ = 0.700 m3·s−1 and the lowest in July: SNQ = 0.517 m3·s−1,
NNQ = 0.060 m3·s−1 [45] (Figure 5).

There are 12 municipal and 39 industrial wastewater discharge points in the Orla River
catchment. In total, about 2.394 million m3·yr of sewage is discharged into the rivers in the
catchment. This represents approximately 1.7% of SSQ, 24.1% of SNQ and 31.2% of QN for
the water gauge located in the Korzeńsko cross-section [45]. The total pollutant loads are
shown in Figure S1.
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Figure 5. Monthly flow variability in the Orla River in the multiannual period of 1981–2010 at the
Korzeńsko gauge cross-section. (ALD—average discharge from the lowest, LLD—the lowest from lowest
discharges).

3.2. Results of Spatial Analysis

The structure of catchment use in the closing cross-sections of most testing sites is
characterized by a significant dominance of arable land (usually >70%) and a small share
of forests and woodlots (usually <15%). The share of urbanized areas in the catchments
most frequently does not exceed 5% (Figure 6).

A very high share of outbuildings is used for livestock production (mainly pigs,
poultry, cattle, but also horses). Table 3 shows areas of livestock buildings in the analyzed
buffers. The vast majority of those facilities are large industrial farm halls. In the 1 km
buffer, buildings located around point ZS (Żylicka Struga River) made up the largest share.
Overall, the proportion of livestock buildings within the 1 km amounted to between 0 and
1.87%. There were no livestock buildings found in nine buffers.

In the 3 km buffer located around the monitoring points, the proportion of livestock
buildings ranged between 0.0004% (O10) and 0.24% (ZS). Rearing without a grazing area
was recorded in all analyzed buffers.

The water level in the Orla River catchment is not satisfactory. Groundwater studied
in 2015–2018 in the frame of nitrate vulnerable zone (NVZ) monitoring, showed average
annual concentrations reaching 121.4 mg NO3·dm−3 in Szkaradowo [46–48].

The water quality studies carried out by the Voivodeship Inspectorate of Environ-
mental Protection in 2006–2015 in the Orla River catchment have revealed that the waters
of the river and its tributaries are highly eutrophic due to the abnormal concentrations
of nitrates, total nitrogen and total phosphorus. Levels of nitrogen compounds fluctuate
considerably throughout the year. This results from the frequent occurrence of low water
levels in watercourses, which are now largely as a result of climate change [49–51].
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Figure 6. The use structure of catchments located in the studied sites (based on MPHP10k and
BDOT10k, site codes are provided in Table 1).

Table 3. Area of livestock buildings and their share in the buffer area.

River Code
1 km Buffer 3 km Buffer

Area of
Buildings [m2]

Share in the
Buffer [%]

Area of
Buildings [m2]

Share in the
Buffer [%]

ZS 58,801 1.87 69,193 0.24
ZP 0 0.00 10,535 0.04
SZ 0 0.00 37,444 0.13
R 2631 0.08 11,715 0.04

O9 0 0.00 2786 0.01
O8 3490 0.11 4399 0.02
O7 0 0.00 9310 0.03
O6 8825 0.28 19,849 0.07
O5 0 0.00 8770 0.03
O4 552 0.02 2231 0.01
O3 3336 0.11 6652 0.02
O2 262 0.01 4403 0.02
O11 0 0.00 5751 0.02
O10 0 0.00 111 0.00
O1 366 0.01 3787 0.01
M 0 0.00 58,801 0.21
D 0 0.00 36,064 0.13

Research on the quality of water in the surface water body (SWB) of the Orla River
from the source to Radęca in 2014–2019 shows that the achievement of environmental
objectives in this SWB is at risk. Agriculture is identified as the main affecting factor.
The consumption of mineral fertilizers in the area amounts to approx. 75 kg N·ha−1,
22.4 kg P·ha−1. In the catchment of the Dąbroczna River, which is a right tributary of the
Orla River, soil nitrogen and phosphorus loads are 75.6 and 22.0 kg·ha−1, respectively. The
analysis of this surface water body indicates a poor state of water and the risk of failing to
meet environmental objectives. Moreover, it constitutes proof of the influence of agriculture.
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In comparison, the Wąsowska Struga watercourse, which is a left tributary of the Orla River
and is not included in this study, may also fail to meet environmental objectives. However,
the factor affecting this watercourse has not been identified and the loading of soil with
mineral fertilizers amounts to 44.3 N·ha−1 and 11.7 kg P·ha−1 [52].

Studies conducted in 2010 at the Orla Wąsosz point revealed the presence of highly
contaminated sediments. The main problem during this period was caused by polycyclic
aromatic hydrocarbons [53]. In 2016, the sediments were assigned to the lowest, class IV
(highly contaminated sediments according to MacDonald et al. [54]), Interim Guidance [55],
primarily due to Ba, Cr, as well as Fe and Mn content.

The weakest negative correlations were observed in the case of the pH value and the
area covered by livestock buildings in both buffers. The water pH value was lower in areas
with more buildings, especially in the 1 km buffer (correlation coefficient equal to −0.747,
Table S2). A strong positive correlation was found for organic nitrogen, total nitrogen,
ammonium nitrogen, soluble reactive phosphates and total phosphorus. It indicates that
the abundance of farm buildings correlates with the increasing river water trophic levels.

The presence of phosphorus in soil gives grounds to conclude that there is a negative
correlation between conductivity and calcium concentration. The relation between the
P level in soil and water was rather weak and negative. The potassium level in the soil
surrounding watercourses exhibited a positive correlation with nitrates.

The strongest negative correlations for the 1 km buffer were observed in the case of
dissolved oxygen during winter, pH value in spring, autumn and winter and temperature
in spring (Table S3). A very strong positive correlation was found for different forms of
phosphorus and nitrogen in samples collected in autumn and winter. This could be related
to weather conditions and the lack of fully-grown cultivated plants in the fields.

The strongest negative correlations for the 3 km buffer concerned pH values (in spring
and winter), while significant positive correlations were observed in the case of organic,
ammonium and total nitrogen, phosphates and total phosphorus, mostly in autumn and,
to some extent, in winter, similarly as in the 1 km buffer (Table S4). This might be related
to the lack of fully-grown cultivated plants in the fields, which creates a certain type of
vegetation barrier to surface runoff and subsurface flow containing trophic elements, such
as N and P.

3.3. Analyses of Physicochemical Parameters of Water Quality

The results of canonical variate analysis based on the comparison of selected physico-
chemical water quality parameters according to different monitoring points were depicted
in Table 4. Taking into account different locations, it was found that the results obtained for
points O3, O4, O5, and R were different from those for O8, O9, O10, O11, and SZ. This is
further confirmed by the Mahalanobis distance [56]. Distances between some points were
significant: between O11 and O3—16.54; between O5 and O11—15.0; and between R and
O11—14.66, indicating variability of these points. It is associated mostly with the changes
in ALK, which differ from other parameters (the value of the first is 22.8 and the second
is 11.9). A particularly high ALK level was recorded for the point located on the Radęca
River (R). The difference between the values of this parameter in relation to the other points
analyzed in this paper was 130.1 (Table S5). The upper part of the Orla River catchment
is more and more affected by agriculture and sewage management. In many points (e.g.,
O2, O3, R), direct discharges of domestic wastewater were observed during all periods
under study. The issue concerning the regulation of sewage management in rural areas in
Poland is yet to be resolved fully. The high alkalinity of water in the point on the Radęca
River (R) may result from the presence of farms, mainly mink ones, located by the source
section of this river. The watercourses flowing past the farms collect pollutants, as shown
by the site inspection, and fall into the Radęca River. The high alkalinity of the river may be
caused by leachates from stored mink excrements, which contain high levels of ammonium
nitrogen (ammonium nitrogen constitutes one-third of total nitrogen in the excrements).
This parameter is strongly affected by nitrification (i.e., the conversion of NH4 into NO3).
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The absorption of nitrate ions (NO3) by microorganisms may lead to the alkalinization of
the environment [57].

Table 4. Differences in physicochemical parameters between the mean value at individual monitoring
points and the general mean.

Point pH Temp EC Alk SRP TP Nitrite Nitrate Ammo TN K Ca DO

O1 0.088 0.638 −0.014 −8.06 −1.091 −1.342 −0.074 1.800 −2.804 −4.788 −5.544 9.106 1.356
O2 0.162 −1.608 −0.071 44.08 −0.232 −0.240 −0.042 1.434 −1.933 −2.498 −4.390 11.710 −0.862
O3 −0.132 −0.431 0.128 59.65 1.216 1.395 0.106 −0.846 1.949 2.537 10.956 −8.742 −2.420
O4 −0.064 −0.316 0.092 51.74 2.782 2.682 −0.018 −0.404 2.817 4.289 6.284 −6.906 −1.312
O5 0.043 −0.893 0.060 36.74 2.354 2.135 0.139 0.087 0.747 0.638 5.492 −3.610 −1.715
O6 0.110 −0.153 0.010 15.69 1.547 4.050 −0.048 −0.382 −1.704 −4.223 5.240 −5.199 0.517
R 0.035 −0.944 0.191 129.03 2.732 2.763 0.040 −0.017 7.332 18.187 10.731 16.740 −0.654

ZP 0.093 1.093 0.143 0.03 −0.633 −1.510 0.071 0.496 0.501 0.788 −1.708 6.011 0.709
O7 0.075 0.764 0.001 7.57 −0.209 −0.224 −0.016 −0.075 −2.350 −6.157 1.073 2.865 1.008
O8 0.034 1.024 −0.140 −80.07 −2.150 −2.756 −0.019 0.071 −2.299 −6.442 −4.529 −14.224 1.343
O9 0.191 1.024 −0.148 −74.79 −2.465 −3.032 −0.062 −0.443 −2.555 −7.386 −5.756 −13.177 1.989
SZ −0.198 −0.598 −0.120 −49.51 −1.918 −2.377 −0.055 −0.346 −0.359 −2.363 −5.579 −2.697 −0.986
D 0.123 1.429 0.142 38.75 −0.890 −0.821 0.046 0.040 −0.363 −1.504 9.286 22.636 1.486
M −0.127 −0.832 0.049 −4.38 −0.494 −1.241 −0.065 0.496 −0.579 −2.571 −3.794 18.931 0.410

O10 0.013 0.706 −0.070 −83.89 −2.352 −2.818 −0.085 −0.469 −2.745 −6.258 −1.314 −17.534 1.246
O11 0.029 0.318 −0.261 −99.31 −2.465 −2.763 −0.062 −0.271 −2.634 −6.243 −8.908 −16.836 0.747
ZS −0.477 −1.222 0.009 16.74 4.270 6.100 0.144 −1.171 6.979 23.995 −7.540 0.925 −2.864

mean 7.614 13.11 0.932 309.10 3.056 4.200 0.176 3.679 3.291 14.30 20.883 120.980 4.600

Differences in the concentrations of K, TN, TP, SRP and ammonium nitrogen are also
noticeable between monitoring points. Values of these parameters are relatively high in
O3, O4, O5 and R compared to O8, O9, O10, O11, and SZ. The high concentrations of
these components may be caused by the hydrological drought, which affected the region
and nearly entire Poland during the period under study. This directly translated into a
lower level of pollutant dilution in small watercourses. Total precipitation recorded by the
weather station in Koźmin Wielkopolski was: in 2011—450.7 mm; in 2012—510.6 mm; in
2014—555.4 mm [58]. The highest of total nitrogen concentration in 2012 was found in point
R, reaching up to 200 mg·dm3. It was also the place where the highest concentrations of
total phosphorus, phosphates and potassium were recorded. High concentrations of total
phosphorus in sewage may result from the presence of detergents and cleaning products
in domestic wastewater [59,60]. They flow from houses to the Orla River through small
streams. As a result of poor dilution rates relative to the affecting factor, concentrations
of the substances in small watercourses may have increased. This increase may also have
been caused by weather conditions, primarily precipitation. Between 1951 and 2014, the
average precipitation in this region amounted to 557.7 mm. Therefore, in 2011, it deviated
from the multi-year average.

There are significant differences between the northern and the southern part of the
catchment. The southern region is heavily forested with a high share of surface waters
(large fishponds). Natura 2000 sites are also located in this area. The watercourses that
flow into the Orla River and are located in this area are less affected by rural area activity
and, therefore, may have a beneficial effect on the water quality of the main Orla River
watercourse, while concentrations of pollutants may decrease due to dilution. Along the
administrative border of the voivodeships that divides the catchment area into the southern
and northern parts there is also a glaciation border, the so-called Warta Glaciation [61].

The simultaneous analysis of all studied water quality indices shows that some of
them, including pH, conductivity, nitrite, and nitrate nitrogen levels, do not affect the
variability identified between the sites (Figure 7). Water temperature, dissolved oxygen,
ammonium nitrogen, total phosphorus and dissolved phosphates had little impact on the
variability. Alkalinity, followed by potassium, calcium, and total nitrogen, had the strongest
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effect on the variability between the analyzed sites. Their values were high at sites O2, O3,
O4 and O5 situated in the upper part of the catchment, as well as at site R (Radęca)—all
located in areas dominated by farmland. However, the lowest values of these parameters
were observed at sites O8–O11, which were in the middle and lower part of the Orla River
catchment, characterized by a small share of agricultural land. A strong positive correlation
was found between potassium and calcium concentrations, as well as, to a lesser extent,
between ammonium nitrogen, total phosphorus, dissolved phosphates and total nitrogen.
In terms of the indices analyzed, site ZS differed from the others to the greatest extent
(Figure 7). It is the alkalinity that causes the greatest variability.

Figure 7. Position of monitoring sites determined by physicochemical parameters in the space of
the first two canonical varieties and spacing of these parameters in the dual space (trait coordinates
rescaled and multiplied by 0.4).

The simultaneous analysis of all studied water quality indices shows that some of them,
including pH, conductivity and nitrite nitrogen level, do not cause the variability identified
between the sites. Water temperature, nitrate nitrogen and dissolved oxygen concentration
had little impact on site variability. Alkalinity and concentrations of potassium, calcium
and total nitrogen had the strongest effect on the variability between the sites. Their values
were high at sites O3, O4, and O5 located in the upper part of the catchment, as well as
on site R (Radęca), all of which are located in areas dominated by farmland. However,
the lowest values of these parameters were observed at sites O8–O11, which were in the
middle and lower part of the Orla River catchment, characterized by a small share of
agricultural land.

The statistical analysis by year reveals that alkalinity is not correlated with the years
studied. Average values for this parameter were observed throughout the study period,
possibly indicating a factor that may constantly affect the parameter. This means that
this factor cannot include factors associated with, for example, crop production, which is
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characterized by a certain seasonality. These factors are probably beyond the control of
environmental quality monitoring authorities in Poland or their control is insufficient. The
highest TN, SRP, TP, and Ammo values were observed in 2012 (Figure 8 and Table S6).

Figure 8. Position of selected years determined by physicochemical parameters in the space of the
first two canonical varieties and spacing of these parameters in the dual space (trait coordinates
rescaled and divided by 4).

As in the case of the variability between sites, the variability between the studied
years was not affected by pH, conductivity, nitrate nitrogen concentrations and, in addition,
oxygen content. Calcium concentrations had some impact on the variability between the
years, they were at their highest in 2014. Potassium and total nitrogen, elevated compared
to the others in 2012, also affected the variability to some extent. Alkalinity affected the
variability the most.

When analyzing all of the parameters studied, the most significant variation was
observed between seasons of the year (Table S7). The first axis of variability accounted for
81.4% of the variation, with a significant difference being found between the values of the
studied indices in summer and winter (Figure 9). Winter had high Ca levels, while high
alkalinity and a higher temperature were observed in summer.

The highest phosphorus levels (both total phosphorus and dissolved phosphates) were
found at sites R, O3, O4, and O5 (i.e., on the upper course of the river (Figure 10)). These
sites, including site ZS, had elevated levels of total nitrogen and ammonium nitrogen. All
sites were located in areas with a predominance of arable land in the land use structure.
The lowest nutrient levels were found at sites O10 and O11, which close the catchment and
are located in forest land.
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Figure 9. Position of measuring series determined by physicochemical parameters in the space of
the first two canonical varieties and spacing of these parameters in the dual space (trait coordinates
rescaled and multiplied by 0.4).

Figure 10. Position of monitoring sites determined by trophic parameters in the space of the first two
canonical varieties and spacing of these parameters in the dual space (trait coordinates rescaled and
divided by five).
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By comparing the levels of different forms of nitrogen and phosphorus between the
seasons, elevated levels of phosphate (SRP) and total phosphorus (TP) were observed in
summer while the lowest levels were found in winter (Figure 11). This relationship was
very strong accounted for 76.9% of the variation. Winters had the highest nitrate levels in
the watercourses studied in this paper. No significant relationships were found between
spring and autumn.

Given the variation among the studied years, it was observed that nutrient levels were
the highest in 2012, especially for total nitrogen and ammonium nitrogen (Figure 12). The
lowest levels of the studied trophic indices were observed in 2014, in which the highest
total precipitation in the studied years was also observed (555.4 mm).

When analysing other water quality indices (physical: temperature, pH, conductivity,
dissolved oxygen, chemical: potassium and calcium), the share of alkalinity in the total
variability was particularly high, with the highest level of this index being observed at sites
R and O3 (Figure 13). The lower section of the Orla River (sites O8–O11) was characterised
by low calcium and potassium concentrations and low alkalinity levels. Parameters such as
pH, conductivity, and dissolved oxygen concentration showed minimal variation between
the study sites.

Figure 11. Position of measuring series determined by trophic parameters in the space of the first
two canonical varieties and spacing of these parameters in the dual space (trait coordinates rescaled
and multiplied by 0.3).



Water 2022, 14, 2287 17 of 27

Figure 12. Position of selected years determined by trophic parameters in the space of the first two
canonical varieties and spacing of these parameters in the dual space (trait coordinates rescaled and
divided by 20).

Figure 13. Position of monitoring sites determined by physicochemical parameters and macroele-
ments in the space of the first two canonical varieties and spacing of these parameters in the dual
space (trait coordinates rescaled and multiplied by 0.3).

In relation to the seasons, water quality indices such as dissolved oxygen, pH and
conductivity showed no variability, as opposed to alkalinity (highest in summer), calcium
concentrations (high in winter and autumn) and water temperature (higher in summer and
spring) (Figure 14).
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Figure 14. Position of measuring series determined by physicochemical parameters and macroele-
ments in the space of the first two canonical varieties and spacing of these parameters in the dual
space (trait coordinates rescaled and multiplied by 0.4).

When analyzing variations in water temperature, alkalinity, pH, conductivity, potas-
sium and calcium concentrations between the studied years, it was observed that a high
variability was generated by alkalinity, which was the lowest in 2011 (Figure 15).

Figure 15. Position of selected years determined by selected physicochemical parameters and
macroelements in the space of the first two canonical varieties and spacing of these parameters in the
dual space (trait coordinates rescaled and divided by four).
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4. Discussion

The intensification of agricultural production is causing great environmental damage
worldwide. Based on these studies, it is clear that the location of industrial animal farms in
the catchment area can have an enormous impact on modifying the quality parameters of
surface waters. The changes in the flow volume recorded in Poland [62], including particu-
larly periodic flow deficits, are of great importance for the chemical and biological processes
occurring in the watercourses. The study by Viza et al. [63] indicates a phenomenon of
inhibited decomposition of organic matter, while strong pressure from agricultural areas
combined with nutrient input counteracts this process. Oxygen concentrations and pH
values are not unaffected. In the analyzed catchment, both pH and dissolved oxygen did
not show much variability between the years, seasons and control points. The pH level was
within the normal range, while almost all recorded values for dissolved oxygen were out of
class. This is confirmed by the study by Viza et al. [63] and is also indicative of the uniform
long-term pressure exerted by farming on the tributaries and the main watercourse of the
Orla River.

Research conducted in Lithuania on industrial farms specializing in pig and cattle
breeding indicates that both types of specialization are burdensome for water quality
when paired with intensive production. However, despite similar stocking density and
the amount of nitrogen from manures per hectare of farmland, pig farming was more
burdensome to the water environment than cattle rearing. As farm livestock increased,
which was also associated with the production of manures, pH levels decreased in surface
waters whereas suspended solids, nitrate and SRP increased in surface waters [64]. As for
the research in the Orla River catchment, pH did not exceed permitted standards, while
high concentrations of nitrates (up to 5.48 mg N-NO3·L−1—a three-year average for point
O1) and SRP (up to 7.33 mg PO4·L−1—a three-year average for point ZS) were recorded.

On the other hand, the study conducted in Vietnam in large animal farms (pigs, poultry,
cattle), points to the generation of sewage in such farms that is highly polluted by organic
matter (expressed as BOD5 and COD) and especially by microorganisms (expressed as total
coli-CF) [65]. This kind of sewage ends up as leachate in surface water and groundwater
near the farms, affecting water quality. According to the authors of [65], as many as 70% of
groundwater samples did not meet the accepted standards. Areas around poultry farms
were in the worst situation.

The study conducted on animal farms (cattle, pigs, poultry, sheep) in the Yangtze River
Delta reveals that the pollutant load from livestock farming (N-NH3, TP and TN) is about
twice the average level for the whole of China [66]. The amount of pollution produced from
animal husbandry was similar to that produced in industry. Pigs and poultry produced the
most pollutants, followed by cattle and sheep. Pigs and poultry produced about 90% of all
pollutants from animal husbandry.

The study conducted in an agricultural catchment by Huttunen et al. [67] indicates
that by the end of the 21st century, the agricultural TP load in the Aura River catchment
(Finland) may increase by 18% relative to the current phosphorus load, while the TN load
may decrease by 9%. To this end, the application of good agricultural practices during
soil fertilization process can help reduce the load on watercourses from agricultural TP
and TN inflows. As some authors have shown, there is another risk associated with the
presence of phosphorus in the form of phosphate ions. With high phosphate concentrations
in the waters of lowland rivers with an increased proportion of arable, livestock, and
mixed land, much of it is absorbed by the bottom sediments. Releasing takes place at
low phosphate concentrations. This concerns British rivers [68]. In the present study, the
highest concentrations of both total phosphorus and phosphate were observed in points in
areas with a predominant amount of arable land. The lowest levels of nutrients were found
in sites located in areas with a high proportion of forest land.

Studies conducted in Ankara Province in 2017–2019 reveal that the exceedances of
parameters, such as total dissolved solids (TDS), pH, calcium, sodium, magnesium, sul-
phate and boron, in waters used as drinking water affect up to 7.5% of samples at most [69].
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Water quality was assessed in the light of manure management practices. The stocking
density in the Ankara Province is not high, averaging 0.25 LSU·ha−1 UAA. Although the
number of contaminated samples was not large manure storage sites are recommended to
be monitored, especially in districts with a higher stocking density, to minimize the negative
impact of livestock production on water resources and to prevent water pollution. The Orla
River catchment is monitored as part of national monitoring and as part of implementing
the recommendations of the EU Nitrates Directive [10]. The Orla River was classified as a
nitrate sensitive area (NSA), while the catchment was designated as a nitrate vulnerable
zone (NVZ) [35,70].

According to EUROSTAT data, a quarter (24.5%) of all farms in the EU in 2016 were
specialist livestock farms and just over half (52.9%) were specialist crop farms. The stocking
density is an indicator of the environmental pressure of livestock farming [71]. The mean
livestock density in some European countries ranges from 0.2 (Bulgaria) to 3.8 LSU·ha−1

UAA (Netherlands)—average in the EU 0.8 LU·ha−1 UAA [72]. The average amount of N
in animal manure range from 100 to 300 kg·ha−1 of agricultural land [73].

Nine objectives for the future CAP were proposed, which highlight the key role of
farms and farmers in meeting the challenges associated with climate change, creating
vibrant rural areas, preserving rural landscapes, environmental care, and protecting food
and health quality [74–77].

Scientific and practical issues related to water quality changes in agricultural landscape
is a worldwide problem. The impact of intensified agriculture on freshwater was studied
in many countries from different continents. Interesting results were obtained in Brasil [78]
were similar water quality parameters in Córrego da Olaria Basin were studied (total
phosphorus, nitrate, ammonium) and water quality of river was correlated with the land
use. Ohter studies in Jaboatão River (Brasil) were focused on differences between selected
water quality parameters between summer and winter periods [79]. It was found that
during summer, that parameters describing water trophy (total phosphorus, nitrate) had
mostly higher values in comparison to winter.

Studies by some authors show that rainwater in intensively farmed areas may pose a
serious threat to groundwater and underground water and, consequently, to surface water
as well. Rainwater from livestock farm yards may discharge large quantities of organic
compounds. Chemical oxygen demand (COD) values in precipitation wastewater from a
farm may even reach 221.54 g O2·m−3. Significant phosphate levels may also be present in
rainwater runoff. Their average levels in precipitation wastewater may even reach 9.53 g
PO4·m−3. Surface waters receiving rainwater runoff from farm yards are characterized by
increased COD values [80].

Alkalinity was one of the parameters affecting variation. This parameter is a property
of water that depends on the presence of certain chemicals such as hydrogencarbonates,
carbonates and hydroxides. Alkalinity is the ability to buffer and neutralise acids and
alkalis in water bodies and, thus, to maintains fairly stable pH levels. Highly alkaline water
is less subject to pH changes when, for example, acidic liquid (acid rain, leachate from
silage piles, atmospheric deposition of sulphur compounds and nitrogen compounds in
the form of oxides) is introduced into surface water. According to some authors, domestic
wastewater and agricultural wastewater are alkaline in nature due to the presence of
ammonium compounds, while industrial wastewater can have a different pH [81]. Due
to the nature of the Orla River catchment, a high volume of agricultural wastewater may
affect alkalinity formation.

In the study conducted by Krasowska [82], there was intensive leaching and elevated
nutrient levels on a watercourse in the agricultural landscape in northeastern Poland
during high water levels caused by snowmelt and rainfall in winter and early spring. There-
fore, this period may have a decisive impact on surface water quality in the agricultural
landscape. As in Krasowska’s [82] study, seasonal variation was also observed for some
parameters in the present study. In winter, there were high Ca levels but low PO4 levels.
In contrast, the highest NO3 levels were observed in March during higher runoff values
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caused by heavy rainfall, as this was the case in this study. According to Krasowska, factors
such as the volume of precipitation, water level, runoff and the inflow of deep circulating
waters affected the concentrations of the above-mentioned parameters.

When studying water quality indices in South Africa, Walsh and Wepener [83] pointed
to agricultural production as a factor modifying surface water quality. In intensive agricul-
ture areas, river waters were in poor to moderate water quality classes. Skinner et al. [84]
as well as Walsh and Wepener [83] highlighted the potential for increased nutrient runoff
from modern agriculture and deterioration of water quality in contact with farmland. The
Orla River and its tributaries are subject to significant agricultural pressure from both plant
and livestock production. The catchment area is one of the most intensive agricultural
regions in Poland.

The quality of surface water is often modified by the condition of soil such as its
richness, agronomic category, but also the way it is used or fertilized. It is a process caused
by phenomena such as erosion, surface runoff, and eluviation [85–88]. As regards the
relationship between phosphorus and potassium levels in soils in the analyzed catchment
area, the calculated correlations highlighted some antagonistic and synergistic links be-
tween some water parameters. Antagonistic links can be seen between calcium in water
and phosphorus in soil and between potassium in soil and phosphorus in water, while
synergistic links can be seen between potassium in soil and nitrates.

Lei et al. [89,90] found that agricultural land can significantly affect water quality due
to presence of erosion, but that simple shape patches of arable field can play important
role in limitation of erosion and thus help in maintaining of water quality. Most of the
authors emphasized the role of environmental laws and land planning in rural landscape
in limitation of river water deterioration worldwide.

Studies by some authors indicate that proper catchment management contributes
to water conservation and enables a multi-directional use of river valleys [91]. Changes
towards uncontrolled urbanization may significantly increase the intensity of threats such as
soil erosion, resulting in deterioration of river water quality and habitat fragmentation [92].
This study highlights the link between the area of buildings and livestock production.
The area of livestock buildings reveals an increase in the intensity of livestock production.
On the one hand, fertilization using manure increases in the immediate vicinity of such
buildings. On the other hand, livestock buildings emit an enormous number of pollutants,
such as dust, which increase the proportion of phosphorus and potassium in surface waters
but also nitrogen compounds (e.g., ammonium, nitrogen oxides) that, when deposited in
the immediate vicinity of the source, lead to habitat over-fertilization and water pollution.
The study conducted in the Orla River catchment reveals high values of the parameters in
the tributaries, where a higher share of livestock buildings was observed.

Rosso and Cirelli [93] investigated watercourses located in Rio de la Plata Grasslands
(Argentina), which were dominated by arable land in the catchment or by intensive livestock
production. They found a potential effect of arable land on lowering the pH value and
on increasing nitrate nitrogen levels in water and total phosphorus levels. Areas with
intensive livestock production were associated with higher conductivity. Ritter [94] and
Foy and O’Connor [95] argue that point sources of pollution in agricultural areas affect
groundwater and surface water quality in their immediate surroundings. The Orla River
catchment is currently under increasing pressure from livestock production. In addition to
individual farms with intensive agriculture, there are many large industrial animal farms
in the catchment area. In 2010–2020, Koźmin Wielkopolski, one of 22 communes in the
Orla River catchment, implemented 85 investment projects related to large-scale livestock
production. The Radęca River analyzed in this paper has its source in this commune.

5. Conclusions

Based on these studies, it can be concluded that industrial livestock production is a
serious problem in river catchments. Knowing the area of livestock buildings, it is possible
to identify the scale of the threat to surface waters. The results show that this type of threat
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cannot be assessed only in the catchment or micro-catchment scale, due to the volatile
pollutants also emitted by animal production, which can spread in different directions,
regardless of the hydrographic division and the catchment boundaries. A good method is
therefore to designate buffers around research points.

Results of statistical analysis showed that in the agricultural watershed, the alkalinity
was not correlated with the studied years, and values similar to the mean were observed
throughout the whole studies. It may indicate the presence of an additional factor that
constantly affects this water quality parameter. Therefore, it was found that factors associ-
ated with, for example, crop production which have a certain seasonality were not a source
of this phenomenon. These factors are probably not controlled by environmental quality
monitoring system in Poland or their control is insufficient. The highest concentrations of
TN, SRP, TP, and Ammo were observed in 2012 with the presence of seasonal variability. In
the winter period the studied area showed the highest concentrations of nitrate nitrogen,
while in summer, this was the case for phosphates and total phosphorus.

The highest concentrations of nutrients in the Orla River and its tributaries occurred
in 2012, particularly in terms of total nitrogen and ammonium nitrogen, whilst in 2014,
the lowest levels of the trophic parameters were observed in river waters. Comparisons
of results between seasons showed lack of variability in case of dissolved oxygen, pH
reaction, and conductivity. In contrary, alkalinity (highest in summer) and calcium levels
(high in winter and autumn) showed differences between warm and cold periods of year.
Additionally, alkalinity had high variations between years and most visible discrepancy
was observed for the year 2011.

A negative correlation was observed between the area covered by livestock buildings
and pH reaction of water. As the area of the buildings increased, the pH of the water
decreased in both the 1 km and 3 km buffers. An opposite correlation was observed for
dissolved oxygen in 1 km buffer zone. A positive correlation was observed in case of
parameters such as ammonium nitrogen, organic nitrogen, and total nitrogen in the 1 km
buffer. In contrast, there was a positive correlation between organic nitrogen, total nitrogen,
potassium, and dissolved oxygen in the 3 km buffer.

The results of the studies exposed a seasonal variation between buildings area and
pH reaction. There was a negative correlation between these parameters in winter and
spring in both the 1 km and 3 km buffers. Dissolved oxygen levels were the lowest in
winter in the 1 km buffer. There were positive correlations in spring between building
area and conductivity, especially in the 3 km buffer. In autumn, phosphorus and nitrogen
compounds were highly correlated with the area of livestock buildings in both the 1 km
and 3 km buffers. In the 3 km buffer zone, this was also the case for calcium. In winter,
higher levels were mainly associated with nitrogen compounds in both surveyed buffers.

Statistical analyses indicated some antagonistic and synergistic links between certain
water parameters and the abundance of phosphorus and potassium in soil. Antagonistic
links can be seen between calcium in water and phosphorus in soil and between potassium
in soil and phosphorus in water, while synergistic links can be seen between potassium in
soil and nitrates. Such interactions may be intensified by increased fertilization with organic
manure and the negative impact of livestock production on pH both in soil and water.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14152287/s1, Figure S1: Flows from the multiannual period of
1981–2010 (1) and specific flows in moderately dry years (2) at the Korzeńsko gauge cross-section;
Table S1: Selected pollutant loads carried with the discharge of treated water from treatment plants
located in the Orla River catchment; Table S2: Correlation coefficients of the studied physicochemical
parameters and the area of livestock buildings in selected buffers; Table S3: Correlation coefficients of
the studied physicochemical parameters during seasons and the area of livestock buildings within
the 1 km buffer; Table S4: Correlation coefficients of the studied physicochemical parameters during
seasons and the area of livestock buildings within the 3 km buffer; Table S5: Mahalanobis distances
between monitoring points; Table S6: Differences in physicochemical parameters between the mean
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value of the studied year and the general mean; Table S7: Differences in physicochemical parameters
between the mean value for the season of the year and the overall mean.
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34. WIOŚ Poznań, OSCHR. Agrochemiczne Badania Gleb Wielkopolski w Latach 2000–2004; Biblioteka Monitoringu Środowiska: Poznań,
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