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Abstract

This article shows the results of analyses conducted of the seasonal variability of nitrogen concentrations
and loads, depending on plants growing season, this doesn't seem to work, consider changing to something
like ‘dependent upon the stage of the plant growing season, if that is what you mean as well as river flow
and the precipitation levels in the basins of Middle Warta, Reda and Rega. The Macromodel DNS/SWAT,
implemented for three basins, has been calibrated in calculations profiles of three river basins this is vague
and unclear, the repetition of ‘three (river) basins’ is particularly confusing. The analysis confirmed the
significant impact of cover crops on the retention of water and nutrients. The phenomenon of periodic
decreases and stabilisation of nitrogen concentrations and loads in the surface waters flowing through the
profiles of the enclosing water body was observed and analysed. The flattening phenomenon analysis of
the phenomenon to me, the repetition of ‘phenomenon’ is confusing, you could clarify this by defining the
second use of ‘phenomenon’ by, for example, inserting ‘of these decreases and stabilisation” here can be used
to assess the state of the ecosystem in the basin area.
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Streszczenie

W artykule przedstawiono wyniki analiz sezonowej zmiennosci azotu ogélnego w zaleznosci od sezonu
wegetacyjnego, a takze przeptywu rzeki i wielkosci opadow wystepujacych na zlewni érodkowej Warty,
Redy i Regi. Do tego celu zostal wykorzystany Makromodel DNS/SWAT, kt6ry zostat skalibrowany dla
profili ujsciowych wybranych zlewni. Przeprowadzona analiza potwierdzita znaczacy wplyw roglin okry-
wowych na retencje wody i skladnikow odzywezych. Zaobserwowano okresowe zmniejszanie sie stezenia
azotu w powierzchniowych wodach plynacych. Zaobserwowane zjawisko moze zosta¢ wykorzystane do
oceny stanu ekosystemu w obszarze dorzecza, a takze umozliwia ocene rzeczywistego wplywu zarzadzania
zlewnia na cykl azotu.

Stowa kluczowe: energetyczne wykorzystanie biogazu




1. Introduction

Studies concerning the sources of nutrient emissions in Europe have confirmed that the
largest share of these pollutants in most countries, including Poland, comes from diffuse
sources [21]. Agricultural land occupies approximately 60% of the total area of Poland
and has a significant impact on the levels of nitrogen discharged into surface waters [13].
Agricultural activity is one of the primary forms of human activity affecting the environment.
Increased agricultural anthropopressure, ie. human agricultural activities affecting the
natural environment in the river basins, causes quantitative and qualitative changes in the
aquatic environment [18]. The impact of agricultural pollution on the aquatic environment
is directly related to the intensity of fertiliser economy (intensity of fertilization) and soil
use. Fertiliser economy and agricultural practices which are beneficial with regard to crop
production are not always beneficial to the environment and lead to dynamic changes in the
amount of nitrogen in surface waters over time. The size of the nitrogen run-off into surface
waters depends, inter alia, on land use, weather conditions, plant cover and soil properties
[19, 49]. The responsibility for the study of surface water quality as well as the processing
and dissemination of information on the aquatic environment in Poland belongs to the
State Environmental Monitoring Department [11]. At present, mathematical models based
on detailed data relating to land use, soil types, climatic and meteorological data are widely
used. A study concerning the analysis of variability in concentrations of biogenic compounds
has been carried out by the Institute of Meteorology and Water Management — National
Research Institute in Poland, in ‘Modelling of Water Pollution Section from 2012. The
mentioned studies were initiated by IMGW-PIB due to problems that occurred during the
model calibration of nutrients with the use of the mathematical model Macromodel DNS
(discharge nutrient sea) [32]. The use of Macromodel DNS enabled us to obtain the full
range of data with daily time steps of the analysed parameters at selected control points. This
enabled the carrying out of a wide range of analyses, including an analysis of the seasonal
variability of nutrients over a multi-year period. The seasonal variability of nutrients, i.e.
seasonal fluctuations in the amount of nutrients in surface waters, depends, inter alia, on the
hydrological regime, the biological activity of the river, and land use in the basin.

Nutrient load fluctuations occurring in surface waters over time led us to carry out
research concerning the relationship between the nitrogen uptake of plants and its subsequent
quantity in surface waters. The aforementioned seasonal variability of pollution is the subject
of many research studies [3S, 41, 42, 44, 46]. Processes such as the uptake of nutrients by
plants, surface and point pollution run-off from the area as well as the impact of nutrients
on the biological elements of the ecosystem, are analysed in detail. In publication [39], it
is also stated that during the growing season, there are changes in the amount of nutrients
discharged into surface waters as a result of their uptake by plants from the environment. The
participation of plants in the nitrogen cycle in the environment is important and cannot be
ignored in the analysis of the seasonal variability of nutrients in surface waters; the same is
true of the stage of the season of plant growth, this can also have a significant impact on the
amount of nutrients in surface waters throughout the year and this relationship was analysed.



Knowledge concerning seasonal variability can provide a good basis for determining, inter
alia, the validity of multiple scenarios and action plans developed by the state administration
and research units [6, 51], it is therefore important to continue research.

2. Materials and Methods
2.1. Objectives of study

The main objective of this work was to analyse the seasonal variability of the total nitrogen
loads in the calculation profile. Analyses of the amount of the total nitrogen load are crucial for
the proper assessment of nutrient balance in the basin; therefore, it is important to identify the
seasonal fluctuations of loads in the river calculation profiles In order to determine the sum
of the total daily nitrogen load at the calculation profile of the basin in over a period of several
years, a cumulative mass curve was used. Analyses were carried out for three pilot basins: the
Rega, the Middle Warta and the Reda. Macromodel DNS [32] was used to simulate the total
daily loads of nitrogen at the rivers calculation profiles.

In order to determine the total nitrogen load flowing out of a basin area at the calculation
profile basin over a given period of time, a mass curve was used. The mass curve of the size of
the total nitrogen load is a curve in which the ordinate of each point indicates how the total
volume of load flowed from the beginning of the period until a specified abscissa of this point in
the calculation profile of the river. The values for the establishment of the curve are the total daily
loads of total nitrogen treated as daily averages the mean. The curve is obtained by totalling up the
required intervals of daily loads of total nitrogen to give the ordinates of the curve. By applying
the size of the load a picture of the rising curve during the considered period is obtained. The line
graph is a constantly rising curve with a number of inflection points [ S, 33,47]. Constructed in this
manner, the curve helps to indicate, in the later stages of the work, seasonal variations in the total
nitrogen load in the basin calculation profile during the analysed years. The main preconditions to
construct a correct curve are aggregated daily items of data relating to the total nitrogen load.

2.2. Macromodel

In order to obtain daily data at selected control points in the study, the Macromodel DNS
(discharge nutrient sea) mathematical model with SWAT (soil and water assessment tool)
module was used. Macromodel DNS/SWAT was designed by the Institute of Meteorology
and Water Management-National Research Institute for the analysis of processes taking place
in a basin, such as water and matter cycles [30, 31]. It enables the simulation of the long-term
impact of land use on water quality and the impact of pollutants discharged to surface waters.
The SWAT module uses the hydrological transport model which is based on meteorological
and hydrological data, the extent of surface run-oft and the amount of fertiliser contained
within in order to analyse phenomena and processes related to the transport of nutrients in
the watershed [30]. The general scheme of Macromodel DNS is shown in Figure 1.
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Fig. 1. The general scheme of Macromodel DNS [32]

The SWAT module is an element of Macromodel DNS and is used to analyse the processes
of water cycles and organic matter in the basin [30, 31]. This allows us to carry out simulations
of the long-term impact of land use management on water quality and to examine the amount of
pollutants discharged from particular surface water bodies (SWB) to other surface water bodies.
This module uses a hydrological transport model, which is based on, inter alia, meteorological
data, the quantity of surface run-off and the amount of soil fertilisation; it also enables us to
carry out analyses of phenomena and processes connected with the transportation of nitrogen
loads in the sub-basin [31]. With the use of the Macromodel DNS/SWAT, all the elements form
ahomogenous, numerical sub-basin model that enables us to analyse different scenarios of sub-
basin exploitation in different meteorological and hydrological conditions. The Macromodel
DNS/SWAT can be used to analyse the efficiency of the proposed measures aimed at reducing
the quantity of total nitrogen loads discharged into surface waters [17, 18, 32].

The validity of the use of Macromodel DNS/SWAT to study the variability of the total
nitrogen load was confirmed by numerous scientific works carried out with the use of the
mentioned model, including work concerning the modelling of the discharge of nutrients
into the Baltic Sea [32], analyses concerning the impact of agricultural anthropopression on
surface water quality [ 18] and analyses of the river absorption capacity [48].

For the analysis of the size of the total nitrogen load on the river estuary and its seasonal
variability in the calculation profile, three pilot basins were selected.

2.3. Descriptions of the Basins
The Middle Warta basin (Fig. 2a) constitutes a part of the Warta basin and is closed by

two profiles — Nowa Wie$ Podgérna and Oborniki. The acreage of the basin is 6,039 km*and
constitutes 11% of all the acreage of the entire Warta basin (around 54,500 km?). There are



a few tributaries on the examined section of the river of which the most important are the
Lutynia river, the Mosiriski Canal and the Mogilnica river. The analysed section of the basin
is characterised by a significant proportion of the area being exposed to nitrogen pollutants
of agricultural origin. The largest agglomeration of the basin is the city of Poznarn. The parent
rocks of the basin area are post-glacial sediments, mainly sandy and loamy soils, the majority
being brown and podzolic soils. The long-term observation studies of the Warta river indicate
that the water quality is varies in particular sections. The major source of pollution is the
constant and seasonal discharges of domestic, economic and industrial sewage from cities
located near the river, and surface run-offs from agricultural areas [8, 38].

The basin of the Rega river (Fig. 2b) covers an area of 2766.8 km?, and the length of the
watercourse from the spring in Polczyn-Zdroj district to the Baltic Sea constitutes 187.57 km
(35.4 miles), which makes it the fourth longest of the rivers flowing into the Baltic Sea (after
the Wista, the Odra and the Pasleka rivers). There are six wastewater treatment plants in the
basin: Swidwin, Gryfice, Lobez, Dobra, Resko, Wegorzyno. Within the region, podzolic
soils comprised of sands and gravels as well as brown soils comprised of loamy sands and
glacial tills dominate. The Rega basin is agriculturally dominant — agricultural areas constitute
54.5% of the acreage. The average size of an individual farm is > 15 ha, agricultural holdings
constitute 17.3% and 5.8%, respectively [40].

Fig. 2. a) Location of basins in Poland; b) the Middle Warta basin; c) the Rega basin; d) the Reda basin
(indication of profiles for calibration and verification [red] and validation [orange]) [28]




The acreage of the Reda basin (Fig. 2c) is around 485.55 km? The length of the
watercourse from its sources in Strzebielin to the Baltic Sea is 50.6 km (31.4 miles). The
soils of The Reda and its tributaries are characterised by a significantly sandy terrain.. In
the valleys, there are peat soils, very light clay soils and alluvial mud soils. The basin area
is mainly used as agricultural land and grasslands. Moreover, special characteristics of the
Reda tributaries are the relatively high river gradients that are typical for mountain rivers.
The lakes of the basin are situated in the vicinity of the sources of the river tributaries. The
total acreage of the lakes equals 3.187 km?. In the Orle locality, there are artificial dammed
reservoirs (the Nowe Orle and the Stare Orle), that were created from the exploitation of
calcium deposits [22].

2.4. Model input data

For the use of the Macromodel DNS/SWAT, the following input data was prepared:
digital elevation model (DEM); hydrology map; soil map; land use map; data concerning
wastewater treatment plant; the daily meteorological and hydrological data; the amount of
fertilisers. The gathered data formed the database that was required by the model [1, 42, 43].

2.4.1. Sub-basins

The Middle Warta river basin was divided into 70 sub-basins according to SWB, the Rega
basin into 52 sub-basins and the Reda basin into 30 sub-basins according to the boundaries of

the Surface Water Bodies, which are the basic units of water management in Poland, according
to[11].

2.4.2. DEM

The DEM remains the national, central geodesic and cartographic level resource and
is created on the basis of aerial photographs within a flat rectangular coordinate system
labelled PUWG1992’ The terrain data corresponds to map sheets within the flat rectangular
coordinate system ‘1992 on a scale of 1:10 000. The grid interval is assumed to be 10 to 50 m
with an average error of 0.8 to 2 m. The data was based on aerial imaging and topographic
maps. A triangulated irregular network map was used - this is a digital format of a continuous
spatial data representation in which information about elevations are assigned to vertices of
triangles and interpolated between them.

2.4.3. MPHP

The map of hydrographical divisions of Poland [28] is the basis for the information system
of water management. The map which was used contains the details of river networks and
bodies of water within the boundaries of the analysed catchments on a scale of 1:50 000.



2.4.4. Wastewater

Data concerning wastewater treatment plants located in the area of the analysed basins
was obtained from the National Water Management Authority in Poland. The data contained
detailed information including the geographical coordinates of any given wastewater
treatment plant the amount of public wastewater treated within a year in thousands m? yr™,
total suspended solids (mg L), total nitrogen (mg L) and total phosphorus (mg L ™).

2.4.5. Meteorology

Meteorological input data with a daily time step included solar radiation, wind speed,
precipitation, relative moisture, and maximum and minimum temperatures. Table 1 shows
the meteorological stations used in the models of the basins selected for analysis.

Table 1. Meteorological stations for the analysed basins

River basin Number of weather stations Station names
\Y i am
used to build the model

Kolo, Pila, Gorzéw Wlkp., Gniezno, Gorzyn,

Middle Warta 9 Pobiedziska, Nowa Wie§ Podgérna, Poznan,
Kalisz
Reea 7 Goleniéw, Kolobrzeg, Eabedzie, Resko,
8 Wierzchowo Pom., Starnin, Trzebiatow
Reda 9 Rozewie, Zelazno, Lebork, Wejherowo,

Tepcz, Zelistrzewo, Rebiska, Gdynia, Gdarisk

2.4.6. Soil maps

Soil maps at a scale of 1:100 were obtained from the Institute of Soil Science and Plant
Cultivation National Research Institute for the following types of soil: very light, light,
average, heavy [23] (Tab.2). Classification was made according to a granulometric soil group
with data and system adopted by the IUNG-PIB.

Table 2. Percentages of the different soil classes found within the basin area [%][23]

S(:la :;:ss Middle Warta Rega Reda
very light 329 10.13 43.8
light 30.6 50.71 7.04
average 33.9 39.17 37.14
heavy 2.4 - 1115




2.4.7. Land use

Land use maps of the Middle Warta and the Rega basin were created based on the CORINE
LAND COVER information system [3, 9] which divides land use into six classes attributing
relevant abbreviations to it which are acceptable and readable by the model (Tab. 3).

Table 3. Percentages of the different land use types found within the basin area [%] [9]

lan d]ia;sehtlypes Middle Warta Rega Reda
artificial surfaces 6.17 1.8 6.34
agricultural areas 72.82 54.5 38.91
forests 20.04 32.7 39.84
wetland areas 0.1 0.1 0.02
water bodies 0.85 12 0.71
meadows - 9.7 14.18

2.4.8. Fertilisers

Input data used to calculate phosphorus loads from manure and mineral fertilisers were
obtained from the Local Database [2] including information regarding livestock and the surface
area of arable lands in hectares at the provincial level. The dominant crops with appropriate
agricultural management operations are specified for each hydrological response unit (HRU)
in the analysed basins. HRUs are comprised of unique land cover, soil and management
combinations. Crops identified for basin areas are shown in Table 4. Each crop from Table 4
requires a different dose of fertiliser; however, doses were averaged for modelling purposes. The
average dose of nitrogen fertilisers in the Middle Warta catchment was 156.6 kg N/ha, in the
Rega catchment it was 85.6 kg N/ha, and in Reda catchment it was 105.9 kg N/ha.

Table 4. Crops in the analysed basins

Relevance for catchment
Middle Warta Reda Rega Crops
° ° ° wheat
° ° ° rye
° ° barley
L ° [ potatoes
[ ° sugar beets
° ° ° rape
° ° oat




2.5. Sensitivity analysis and calibration, verification and validation processes

In further work, sensitivity analysis of the parameters in the model was carried out. The
main purpose of applying sensitivity analysis was to define a set of parameters with the highest
sensitivity, meaning those which have the greatest impact on the parameters affecting the flow
and nitrogen load in the analysed calculation profile of the river. The method of sensitivity
analysis in the ArcSWAT interface combines the Latin Hypercube (LH) and One-factor-At-
a-Time (OFAT) sampling. A parameter is randomly selected and its value is changed from the
previous simulation by a user-defined percentage for a number of LH loops. SWAT is run on
the new parameter set and a different parameter is then randomly selected and varied.

Correct analysis of the modelling simulations is necessary in order to obtain reliable
results. For this reason, it should be checked whether the modelling results fit the observed
data during performance of the calibration, verification and validation processes, which are
respectively defined as:

» adjustment of model parameters in order to obtain the greatest convergence of

modelling results and observations conducted in calculation profile;

» checking at a measuring point whether the model is a good representation of the
conceptual model - this is performed on independent data during the process of
calibration conducted in calculation profile;

» final checking at a different measuring point to the calibration and verification point
of whether the model is a good representation of reality by comparing the modelling
results with observations conducted in a profile different from the calculation profile.

Observation data was obtained from State Environmental Monitoring (SEM) which,
according to the law, is supposed to provide reliable information about the state of the
environment. SEM leads analysis of water samples in selected monitoring sections of rivers in
accordance with the scope and frequency specified in regulations [36, 37].

To evaluate the degree to which observations and simulations match, the following three
statistical measures were applied: the coefficient of determination (R*); the Nash-Satcliffe
coefficient (NSE); the percent bias (PBIAS) [20, 29, 41]. The evaluation of the statistical
measurements was conducted in accordance with the criteria shown in Table S.

Table S. Performance rating [27, 29, 32, 41]

Peri::i‘:;““’ NS PBIAS R
flow/nutrients nutrients flow flow/nutrients
very good 0.75<NSE<1 <$2§ <10 0.64 < R*
good 0.5 <NSE <0.75 +< 25 Pbias <+ 40 +<1 0 Pbias < £15 0.49 < R*<0.64
satisfactory 0<NSE<0.5 +40 < Pbias <+ 70 +15 < Pbias< +25 0.36 <R*<0.49
_ NSE<0 Pbias >+ 70 Pbias > £25 R*<0.36

For each of the selected pilot basins, a different body of data for the calibration, verification
and validation. This was related to the availability of monitoring data over different periods
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which was used to build models of the basin. In Table 6, information for each basin is shown

regarding the analysis period, the monitoring point for which monitoring data was available
from the SEM.

Table 6. Information regarding the analysis period, the monitoring point and the amount of available monitoring
data for pilot basin [18, 48]

- The Middle Warta river The Rega river The Reda river
ase
Flow :I'otal Flow :I'otal Flow :I‘otal Flow
Nitrogen Nitrogen Nitrogen
period of 01.01.2002-
01.01.2000-31.12.2006 01.01.2001-31.12.2006
analysis 3 3 31.12.2004
river , .
monitoring .Poznan - Rocb Trzebiatow/8.01 miles Wej hero.wo/ 158
. o Bridge/127.45 miles miles
point/ miles
total data
librati
Calibration | - Ltity 2557 2191 1096
(TpQ)
the data 2557 120 2191 157 1096 72
amount
percentage of o 0 o o 0 0
TDQ 100% 5% 100% 7% 100% 7%
period of 01.01.2005-
01.01.2007-31.12.200 01.01.2007-31.12.200
analysis 73 ? 73 o 31.12.2005
river , ;
monitoring .Poznan B Rocb Trzebiatéw/8.01 miles Wej herc?wo/ 158
) a1 Bridge/127.45 miles miles
point/ miles
total data
Verificati
erflication | antity 1096 1096 365
(TpQ)
the data 1096 25 1096 50 365 2
amount
percentage of o 0 o o 0 0
TDQ 100% 2% 100% 5% 100% 6%
iod of
perioc o 01.01.2003-31.12.2006 | 01.01.2002-31.12.2008 -
analysis
river
monitoring Oborniki/127.5 miles Resko/33 miles -
point/ miles*
total data
Validati
alidation quantity 1461 2557 -
(TpQ)
the data 1461 84 2557 48 - .
amount
percentage of 0 0 o o i i
TDQ 100% 6% 100% 2%




In the case of the Reda river, validation of the model was not conducted due to a lack of
observation data on another profile separate from the calculation profile (one river control

profile).

3. Results and discussion

3.1. Sensitivity analysis results and the results of the calibration, verification and
validation processes

For pilot basin models of the Middle Warta and Rega, within the functionality of SWAT,
being in this case a DNS Macromodel module, a sensitivity analysis of the parameters
associated with the flow and the total levels of nitrogen was conducted according to the
description in Section 3.4. The results of this sensitivity analysis are presented in Table 7.
For the Middle Warta basin, there are 16 parameters which are most sensitive and associated
with the flow at the control point. For the Middle Warta basin, there are 16 parameters; for
the Reda basin, there are 9 parameters; for the Rega basin, there are 11 parameters. For total
nitrogen loads, from the range of parameters that may be manipulated during the calibration
of the model, 9 parameters for the Middle Warta, 7 for Reda and 9 for Rega obtained the
highest sensitivity. The parameters selected during the sensitivity analysis were used for the
calibration of the model.

Table 7. The most sensitive parameters obtained from the sensitivity analysis in the SWAT model
for the analysed basins [18, 48]

Relevance for basin
Parameter Parameter description
Middle Warta Reda Rega
1 2 3 4 N
Flow parameters
° ° ° ALPHA BF base flow alpha factor [days]
° BLAI maximum potential leaf area index
° ° CANMX maximum canopy storage [mm H,O]
effective hydraulic conductivity in tributary

¢ ¢ ¢ CH_K(1) channel alluvium [mm/hr]

effective hydraulic conductivity in main

H K(2
¢ ¢ ¢ CH_K(2) channel alluvium [mm/h]
initial SCS runoff curve number for moisture
° ° ° CN2 .
condition II
° EPCO plant uptake compensation factor
° ° ° ESCO soil evaporation compensation factor
° GW_DELAY ground water delay time [days]

threshold depth of water in the shallow

° ° ° GWQMN aquifer required for return flow to occur
[mm HZO]




Tab. 7 (cont.)

1 2 3 4 S
° ° GW_REVAP groundwater ‘revap’ coeflicient
° ° RCHRG_DP deep aquifer percolation factor
° SOL ALB moist soil albedo
° SOL K saturated hydraulic conductivity [mm/hr]
° ° SURLAG surface runoff lag coeflicient
° ° TIMP snow pack temperature lag factor

Total nitrogen parameters

° ALl fraction of algal biomass that is nitrogen

rate constant of biological oxidation of NH,

° ° BC1 to NO, in the Reach at 20°C in well aerated
conditions
° ° ° BIOMIX biological mixing efficiency
o o CDN rate factor for l.lumus'mlnerahsatlon of active
organic nutrients (N and P)
o ° CH_N2 Manning’s n value for the main channel
N N CMN rate factor for }.mmus'mlnerahsatlon of active
organic nutrients (N and P)
N N N ERORGN nitrogen enrichmen? ratio for loading with
sediment
° ° ° NPERCO nitrate percolation coefficient
° ° ° N_UPDIS nitrogen up take distribution parameter
° RCN concentration of nitrogen in rainfall
° RS4 organic N settling rate coefficient
° ° SDNCO denitrification threshold water content

The results of the statistical measurement of the calibration, verification and validation
processes are shown in Table 8. Due to the utilisation of three statistical coefficients, it is
essential to define a hierarchy in the assessment of coefficients in order to introduce an
unequivocal interpretation. Therefore, the coeficient of determination (R?) was treated as
a priority.

The analysis carried out with the use of three statistical measures showed that in the
examples of the Middle Warta river and the Rega river, the assessment of matching the flow
observations to simulations obtained from Macromodel DNS/SWAT, with regards to R?, was
very good in almost all cases in other words, there was a strong match between the observed
and simulated flows. Only the calibration phase of the Reda river obtained a good value. For
the remaining rivers, the flow provided good and satisfactory results for the NSE and PBIAS
statistical measures. As far as total nitrogen loads are concerned, the strongest match between
observations and simulations were obtained for the Middle Warta river and the Rega river,
where for those rivers, the results oscillated between very good and satisfactory values. For
The Reda river, the values for R> and PBIAS were respectively satisfactory and very good.



Only in the case of the NSE were results unsatisfactory for the calibration and verification
phase — this was mainly due to the sensitivity of statistical measures on a small amount of
available data. The results obtained thus confirm the high degree of agreement between the
results of modelling and the data obtained through observation — this confirms that the model
is a good representation of reality.

Table 8. Results for the model calibration, verification and validation phase for statistical measures with robust
statistics for pilot rivers [ 18, 48]

Flow Total nitrogen

Basin Cootietent | e NSE Pf;gs R NSE Pf(}ﬁs
Calibration 0.81 0.47 15.04 0.5 0 23.32

Rega Verification 0.87 0.75 -11.19 0.55 0.47 -13.06
Validation 0.69 0 2.53 0.57 0.38 28.39
Calibration 0.93 091 6.07 0.65 0.59 -0.44

I\‘//I\i’;liie Verification 0.93 0.81 -0.84 0.81 0.57 0.14

Validation 0.94 0.85 14.51 0.47 0.06 -0.58
Calibration 0.59 0.37 22 0.4 -1.13 12

Reda | Verification 0.7 0.3 21 0.3 -2.37 23
Validation - - - - - -

3.2. Analysis results

In order to analyse the size of the total nitrogen load flowing through the calculation
profile of a given basin and the seasonal variability in the pilot basins which were calibrated,
verified and validated with the Macromodel DNS/SWAT. This enables us to obtain coherent
and comparable results for all three basins.

Cumulative curves of total nitrogen loads were produced (Figs. 3a-3¢) in order to analyse
the total amount of nitrogen compound that entered the calculation profile during the
considered years, separately, as well as the average values for the analysed years which are
marked with a black dashed line (Figs. 3a-3c).

The cumulative mass curve of the size of the total nitrogen load indicates changes in the
total volume of the load which flowed from the beginning of the period in the calculation
profile. As far as the Rega and the Middle Warta river are concerned, a reduction in the size
of the total nitrogen load can be observed from March to April followed by a decrease and
stabilisation of the total nitrogen load and again from November to December, followed
by increased loads. In the case of the Reda river basin, these relationships are not so clear;
however, a minimal reduction of the total nitrogen load in the months April to May and an
increase after the months of October to November can be observed. In order to conduct an
accurate analysis of changes in the total size of the average total daily nitrogen load within




the period 2002-2005 (Figs. 3a-3¢, black dashed line), further detailed analyses were carried
out. To this end, the average daily total nitrogen load from the 2002-2005 period was collated
and analysed with the flow and precipitation in the growing season (in Poland, this lasts from
around early March to around the end of October). Analyses of the period relating to the
plant growing season is important because it has a significant influence on changes in the size
of total nitrogen loads in surface waters. The analysis of seasonal changes in the total nitrogen
loads for the analysed period showed that at the beginning of the plant growing season,
the total nitrogen loads is the highest and decreases during the plant growing season until
reaching the lowest value (Figs. 4-6). The highest value on the graph relating to the average
daily total nitrogen load from the multi-year period is indicated by ‘MAX’ and the lowest value
is indicated by ‘MIN’ for each of the analysed basins (Figs. 4-6). After the end of the growing
season, the size of the total nitrogen loads in the calculation profile increases again. The size
of the total nitrogen loads in the calculation profiles of the pilot rivers shows a decrease
and stabilisation during the plant growing season. This phenomenon was observed for all
analysed basins, and is called the flattening phenomenon this is defined as a periodic decrease
and stabilisation of the size of the total nitrogen loads in the calculation profile during the
plant growing season. The maximum and minimum loads of total nitrogen determines the
precise boundaries of the flattening. These dependencies are illustrated in Figs. 4-6 with an
indication of the average flow, precipitation, and a period of plant growing season in reference
to total nitrogen load and total nitrogen concentration.
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Fig. 3. Cumulative curves of the total nitrogen in the calculation profile of the Rega river (a), the Middle Warta river
(b) and the Reda river (c) for separate years and the average cumulative curve (black dashed line) [own study]
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Fig. 4. Total nitrogen load, precipitation and flow rate with marked flattening period (MIN - MAX) and plant
growing season in the Rega river basin for mean values for the period from 01/01/2002 to 31/12/2005

[own study]
o 180000 T i e it 1 Z $: *
1 160000 | T R e aa S na o T S0t 0l o T I | *
223 14000 - ”)'L)wo—u-v SRt : = Lt - 13
H > 5 e = : 53 s £
338 10000 +— = . = S [T =§
$ 3 £
E4 | 27 100000 © %
A §
= 8
&5 £8 swo00 s
2 |Ew ¢
£6- 28 coo00 s £
£o- 38 =
74§ + 2
3 40000 ®
&
8 € 0000 | srdptation !
H ~ - ~Total Nitrogen concentration
9 o °
te R ER
TeARALg R

—Total Nitrogen load Flow = fattering period plant growing season

Fig. S. Total nitrogen load, precipitation and flow rate with marked flattening period (MIN — MAX) and plant
growing season in the Middle Warta river basin for mean values for the period from 01/01/2002 to 31/12/2005
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Fig. 6. Total nitrogen load, precipitation and flow rate with marked flattening period (MIN — MAX) and plant growing
season in the Reda river basin for mean values for the period from 01/01/2002 to 31/12/2005 [own study]

Additionally, total nitrogen concentrations were analysed yearly. For the Rega and Middle
Warta basins, the tendency observed for total nitrogen loads is similar for total nitrogen
concentrations. The concentration of total nitrogen decreased during the vegetative season.




Consistent analysis of loads and concentrations proves the phenomena of the reduction of
total nitrogen presence in nutrient balance during the vegetative season.

The study of Figures 4, S and 6 proves that the water retention process and the total
nitrogen loads during the vegetative periods of plants is explicit for the Rega and Middle
Warta rivers. In the Reda river basin, the flattening phenomenon based on loads analyses is
less noticeable and shorter. Additionally, the total nitrogen concentration analysis shows that
concentrations are nearly stable across the whole year. In the vegetative season, however,
concentrations increase slightly in spite of the flow decrease.

Despite the fact that the total sum of precipitation for the periods of particular flattening
between 01/01/2002 and 31/12/200S is higher during the winter time (apart from the
growing season) — the average flow in the rivers during this period is lower. In addition,
the average amount of total nitrogen loads is lower during the flattening periods rather than
outside this period as shown in Tables 9, 10 and 11. This has been acknowledged by the
significant contribution of plants in the basin, including arable crops, in the retention of water
and nitrogen compounds.

It is widely known that the surface run-off of nutrients from agricultural land depends on
the retention capacity and erosivity of these areas. The retention capacity of agricultural areas
is affected by cultivation and appropriate agricultural practices. In numerous studies [22,
35, 41, 42, 44], seasonal variation of loads discharged into the receivers was also observed.
Nevertheless, analysis is required with regard to the cause of these relationships and for the
determination of the cause of this variability in the context of changes in both hydrological
and agricultural conditions.

Table 9. Comparison of average total nitrogen loads, total precipitation and average flow for the flattening period
from 01/01/2002 to 31/12/2005 in the Rega basin (*flattening period)

(:;_r;,i) Win s 20/03 gml-zsmsv 29/00-19/03 | Yo/ P;;:)"Sd e
Total precipitation [mm] 363.7 3452 Su%g;tal
Flow [m®/s] 13.4 46.1 avle;lge
Nitrogen loads [kg/d] 3389 117813 jf:;:g;

Table 10. Comparison of average total nitrogen loads, total precipitation and average flow for the flattening period
from 01/01/2002 to 31/12/200S in the Middle Warta basin (*ﬂattening period)

Period . 25/03 (MAX)-29/09 years/period
(dd-mm) Units (MIN)* ALY 2002-2005
Total precipitation [mm] 287.8 2623 sum/total 556.6
5 average:
Flow [m3/s] 69.1 198.7 833
. average:
Nitrogen loads [kg/d] 50651.3 142691.1 509344




Table 11. Comparison of average total nitrogen loads, total precipitation and average flow for the flattening period
from 01/01/2002 to 31/12/200S in the Reda basin (*ﬂattening period)

Period ) 19/03 (MAX)-20/06 years/period
(dd-mm) Units (MIN)* 21/06-18/03 2002-2005
o sum/total
Total precipitation [mm] 133.3 3732
739.1
Flow [m?/s] 2.9 9.3 average:
34
Nitrogen loads [kg/d] 102 2753 a‘;ef ggée:

Numerous studies conducted worldwide suggest ground-cover vegetation as a factor
influencing the run-off of nutrients into surface water [4, 7, 15, 26, 50]. In countries located
in areas of temperate climatic conditions, with clearly marked seasons and thus a relatively
short vegetation period, the problem of increases in the concentration of total nitrogen in
the surface run-off of arable land at the end of the vegetation period is an important issue
to be taken into account when assessing the status of surface waters flowing in agricultural
catchments.

The consumption of nutrients (total nitrogen) by the plants with regard to the size of the
surface run-off of these nutrients was analysed in [12]. Scenarios of changes in size of trailing
with respect to crops were created. In article [45], it was observed that the run-off of nitrogen
compounds in the periods known as ‘fallow’ periods was 30% higher than in the cropping
period; however, this was not referenced to the volume of loads on the calculation profiles.

Publication [46] shows an analysis of the nutrient run-off to the eastern Santa Barbara
Channel. The authors evaluated the river loading and the dispersal of dissolved macronutrients
and commented on the biological implications of these nutrient contributions. The objective
of research on the biological impact nutrient loads was to analyse algal responses and
upwelling. It was difficult to isolate the impact of algal uptake on nutrient loads because of
the run-off increase caused by the influence of changing meteorological conditions. Further
research was needed.

In 2005, a paper on modelling nutrient export was published. In the publication [39], the
authors describe the relationship between the type of land use and the amount of nutrients
discharged to surface waters. Analysis of the variability of nutrients during the year was
conducted, depending upon the occurrence of stormy meteorological conditions. The article
noted the phenomenon of load stabilisation, which appears in the summer months, but no
attempt was made to analyse the reasons for its creation. Additionally, the presented research
results clearly indicated large differences in the surface confluence of nutrients from land
upon which the use varied depending upon the season.

Monitoring data from field studies conducted at other polish rivers also shows the
occurrence of the described periodic lowering of the concentration of nitrogen in surface
waters. In 2011, the Institute of Soil Science and Plant Cultivation carried out studies on,
inter alia, the impact of cover crops (legumes) on nitrate leaching from the soil. Studies have




shown that the role of this type of plant was significant in terms of water quality and that their
presence, to some extent, conditioned the concentration of nitrates in surface waters [16].

Decreases in the concentrations of nitrogen during the plant growing season and its
subsequent rapid increases both in the soil and in nearby surface waters was also observed
by the Institute of Technology and Life Sciences in Falenty during the analysis of selected
watersheds [34].

The flattening phenomenon was also illustrated through the analysis of the content of
nitrogen compounds in the waters of the Trzema river tributary of the Prosna river) [10] —
collected monitoring data from several years confirms the occurrence of this phenomenon.
At the same time in the indicated publication shows the differences between the behavior of
total nitrogen and total phosphorus for which the flattening phenomenon does not occur.
The significant influence of the plant growth period on the amount of nitrogen in the surface
waters of the catchment areas dominated by agricultural land use was also observed on the
San and Slina rivers [25]; however, it should be noted that these studies are based on small
amounts of monitoring data and they do not specify either the scale of the decline in the
amount of nitrogen concentration in surface waters or its duration — this information is
crucial in terms of the possibilities of applying knowledge of the flattening phenomenon in,
for example, the preparation of scenarios for action plans.

The described flattening phenomenon also confirms the need for change, which is used for
environmental computations, for the flow of interest. At present, the so-called environmental
flow should be used, which will take into account changes in the amount of pollutants
depending on the seasons [24].

The flattening phenomenon is mainly a result of agricultural activities in the basin. At the
beginning of the plant-growing season, high doses of fertiliser are applied on arable lands,
this results in an increase of nutrients leaching to surface waters from areas without plant soil
cover. During the plant growing season, a rapid increase of nitrogen uptake occurs — this is a
consequence of the plants embedding it within their own cellular structures. Moreover, through
the creation of soil cover, plants significantly reduce the nitrogen leaching which occurs through
surface run-offs which result from intensive rains. In Table 7 (for the Rega basin) and in Table
8 (for the Middle Warta basin), the results show that during the flattening period (March to
September) the total precipitation is higher than after the flattening period (October to March),
and the size of the average flow is diminished by as much as 70%. This is confirmed by the total
nitrogen concentration decrease. At the end of the vegetation period, the intense nitrogen uptake
by plants decreases. At this time, nitrogen compoundslocated in the cells are redistributed inside
the plant from leaves to stems and reproductive systems causing a continuous increase in biomass
without up take from soils. In addition, harvesting crops from agricultural land (tantamount to
biomass removal) deprives soil of plant cover — this causes an increase in surface run-off. At this
time, a re-increase of nitrogen loads in surface waters is observed. These correlations have been
confirmed in a separate dissertation [ 18], in which the effect of human agricultural pressure on
the amount of nutrients and total suspended soils entering surface waters were analysed.

Analyses of the Reda basin show that the flattening occurs here as well but is not as visible
as in the previously mentioned basins and lasts from mid May to mid July (Fig. 6). Although



additional analyses of concentrations proved that flattening does not occur. At this time, the size
of total nitrogen loads in surface waters fluctuates, although total nitrogen concentration slightly
increases. In order to find the reasons for this situation, the average content of mineral nitrogen
in Polish soils [ 14] was compared with its content in the soils of the Reda basin (Tab. 12).

Table 12. Quantity of mineral nitrogen in the layers of Polish soils and in the Reda basin [14]

Average for Poland | Reda basin
Soil profile Quantity of mineral nitrogen (NO3-N + NH4-N) [mg/kg]
Spring Autumn Spring Autumn
0-30 9.0 11.6 16.7 19.4
30-60 6.7 6.9 8.2 11.6
60-90 5.8 5.1 8.9 10.2

It is noticeable that the soils in the Rega basin contain higher concentrations of mineral
nitrogen than the rest of the country — this can have a significant impact on the size of the
retention and thus the flattening effect. For both spring and winter, in all soil layers in the
Reda basin, the amount of mineral nitrogen is much higher than the average values for Poland
— by 70% on average. This situation might be caused by the long-term, excessive fertilisation
of soils in the area, which might have caused the infiltration of nitrogen compounds into
deeper soil layers. Nitrogen compounds accumulated in the deeper layers are relatively evenly
leached to the river by subsurface run-off. Subsurface run-off, as opposed to surface run-off,
is not as dynamic and is not associated with the time of the year and growing season — this
can explain the lack of seasonal variability of nitrogen loads in the Reda river and the limited
variability of nitrogen loads during the particular period. This observation shows that the
absence of flattening can suggest an imbalance in the nutrient cycle in the basin.

4. Conclusions

The retention of vast amounts of precipitation waters by basin plants is vital as far as
the diminishing quantities of total nitrogen loads in surface waters is concerned — this was
confirmed by the results from the examined basins of the Rega and the Middle Warta rivers.
When the growing season ends and the crops are removed from the fields, a period of increased
total nitrogen concentration appeared at the analysed SWB calculation profiles in the Rega
and the Middle Warta — this is mainly caused by surface run-off. The analyses indicate that
crops have a crucial influence on the quantity of water retention and nitrogen compounds in
the examined basin; simultaneously, they vastly influence the quantity of the surface run-off
and the included nitrogen loads [18]. Water and nitrogen retention in the basin, even short
term, is a desirable phenomenon since it is connected with the process of water regeneration.
Withholding precipitation water in the soil and at the same time restricting the run-oft of
nitrogen originating from fertilisation, enables better use of fertilisers by plants. The flattening
phenomenon does not perpetually occur and it greatly depends on the level of nitrogen




concentration present in the soil and the dynamics of the processes of its leaching to the
waters. An example of a basin where nitrogen balance is disturbed by long-term fertilisation is
the Reda basin. This case requires further analysis including the quantity of mineral nitrogen
in the soils of the basin. The flattening phenomenon describes the dynamics of total nitrogen
loads to surface waters and at the same time, it can be used to evaluate the conditions that
make water eutrophication occur. Since the majority of total nitrogen in surface waters of
Poland originates from farming [18] and is introduced by surface run-off, the analyses
require information relating to the amounts of fertiliser used on the fields” crops. It has to
be remembered that the temporary retention of total nitrogen in the soil does not lead to its
total removal from the environment. It only helps plants to make better use of it on condition
that the quantities of applied fertilisers are sufficient. The magnitude of flattening allows us to
specify the relationship between the amount of nitrogen loads exported to waters in particular
seasons, the occurrence of violent exceptional climatic events and periods of increase in the
acquisition of these ingredients substances by plants. The lack of flattening phenomenon might
prove that there is a strong correlation between the levels of nutrients consumed by plants
and the leaching of pollutants to surface waters; therefore, it is very crucial to use adequate
doses of fertilisers to meet the needs of plants, but this has to be preceded by an analysis of
the chemical composition of the soil in order to establish the availability of nutrients. This
enables us to estimate the doses of fertilisers that would allow a high growth rate of plants,
and at the same time, reduces the excess of unused nitrogen leaching to surface waters and
consequently limiting the eutrophication process. The flattening phenomenon can be used to
assess the state of the ecosystem in the basin area and provides the opportunity to assess the
actual impact of land use on the nitrogen cycle.
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