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ABSTRACT

In the years 20082011, the study on the surface and subsurface water runoff from the forested loess slope was car-
ried out to determine the concentrations of selected chemical indicators of water quality, soil suspension and loss of
the pure matter component. The maximum tested concentrations of water quality indicators were low and amount-
ed to: 1.841 mg-dm” N-Nog, 0.943 mg-dm> N-NH,, 0.478 mg-dm~* N-NO,, 0.213 mg-dm” N-NO,, 0.423 mg-dm™
P, 1.621 mg-dm K. The masses of the eroded matter constituents were low and amounted to: 0.808 kg-ha'! N,
0.157 kg-ha! P, 0.142 kg-ha! K and 2.989 kg-ha™! soil. The parameters of erosive precipitation and water outflow
were statistically significantly correlated with the concentration of soil suspended matter and losses of the analyzed
components of matter, as well as negligible concentration of chemical indicators of water quality. Afforestation of

the loess slopes threatened by erosion is a treatment that effectively protects the soil against water erosion.

Keywords: soil erosion, forest, surface and subsurface outflow, water quality, loess soil

INTRODUCTION

The soils developed from loess belong to the
most fertile soils in the world [Catt 2001], but they
are highly susceptible to soil erosion [Jozefaciuk,
Jozefaciuk 1999]. Water erosion is a destructive
process. Currently, it is considered one of the ma-
jor soil degradation factors in the world. As a result
of its operation, nutrients for plants and humus are
leached from the soil [Lal 2005, Mazur 2018, Ol-
son 2007], the physicochemical properties of soils
deteriorate [Hladky et al. 2016, Ijaz et al. 2006],
which leads to a decrease in their fertility [Duan
et al. 2011, Lobo et al. 2005] and in the obtained
crop yields [Arriaga, Lowery 2003, Papiernik et al.
2005]. The plant nutrients and soil material eroded
from the fields [Mazur 2018], contribute to water
eutrophication [Dupas et al. 2015, Gabryszewska
et al. 2016, Grzywna et al. 2015] and silting of
technical infrastructure devices [Asiedu 2018].

For many years, interdisciplinary research on
soil erosion has been carried out. However, the
studies covering the quantitative and qualitative
surface and subsurface water runoff in the zone of
eroded slopes, especially on forested slopes, are
still poorly recognized and significantly less ac-

centuated in the scientific literature [Mazur 2018,
Swiechowicz 2012, Zmuda 2006]. It has long
been believed that the forest provides best pro-
tection for the soil against water erosion [Tyszka
2008], which does not mean that there is no soil
erosion at all [Robichaud et al. 2010]. Therefore,
it is necessary to strive for a better identification
of the functioning of fluvial transport on the ero-
sion-threatened forested areas, in order to ratio-
nally manage soil resources, in accordance with
the principle of sustainable development.

The paper presents the results of research
from 2008-2011, carried out under the conditions
of a forested loess slope in the Lublin Upland, re-
garding the quantity and quality of surface and
subsurface water runoff as well as selected com-
ponents of matter.

MATERIAL AND METHODS

The research was carried out in the area of
loess catchment with a periodic outflow of wa-
ter in Wielkopole village, located in the eastern
part of the Wyniostos¢ Gielczewska mesoregion
(Lublin Upland) [Kondracki 2000]. The measure-
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ments of surface and subsurface outflows were
carried out on a forested slope of 0.5 ha, with an
average slope of about 11% and an NE exhibition.
The slope was overgrown by a 13-year-old young
tress pine (Pinus sylvestris L.) planted in a 1.5 x
1.0 m rectangular spacing. The surface coverage
was 100%. The brushwood was not found, but
few herbaceous plants grew in the undergrowth.

At the beginning of April 2008, a catcher
of the surface runoff and subsurface outflows
was installed in the lower part of the slope. The
volume of outflowing water was measured and
samples were taken for a laboratory analysis to
determine: suspension, total nitrogen, ammonium
nitrogen, nitrate nitrogen and nitrite nitrogen as
well as phosphorus and potassium.

In April 2008, a soil research was carried out.
A description of the soil profile was made, the soil
samples were taken from the distinguished diag-
nostic horizon and the following parameters were
determined: granulometric composition, density
of the solid phase of the soil and soil bulk density,
total porosity and water permeability coefficient.

The atmospheric precipitation in the basin
was measured using a daily recording pluvograph
and the Hellmann rain gauge. The meteorologi-
cal station was established within the catchment
area, about 400 m from the site of research. On
the basis of pluvographs, the unit kinetic energy
of rainfall and the erosive indicator of rain and
surface runoff were calculated — EL, | index.

On the basis of the obtained research results,
the dependences pertaining to the quality indi-
cators of outflowing waters and losses of matter

Table 1. Soil granulometric composition

components on the parameters of precipitation
and outflows were determined, based on the Pear-
son’s linearr v correlation index, at a significance
level of a = 0.05. A detailed description of the
research methodology was given in the work of
Mazur [2018].

RESULTS AND DISCUSSION

On the basis of the stratification of the dis-
tinguished diagnostic horizons made in the soil
outcrop, in this study area the soils developed
from loess and are of the lessive type (Haplic Lu-
visols). These are medium-eroded soils with an
0-A-B2t-BC-Cca. The dominant fraction in the
granulometric composition was dust, constituting
about 62% (Table 1). The alluvial parts (<0.02
mm) also constituted a high percentage (about
34%), and a thick dusty loam constituted the larg-
est share of these.

The average specific soil density was 2.6 Mg
m~ and increased with depth (Table 2), as well as
the bulk density, which ranged from 1.34 to 1.48
Mg-m>. In contrast, the total porosity decreased
with depth and fluctuated between 44.2 and 47.5%.
The water permeability coefficient also decreased
with depth. Its highest value (26.245-10° m-s™)
was recorded in the humus horizon.

The meteorological conditions have a very
significant impact on the intensity of soil erosion
[Zmuda 2006, Swiechowicz 2012]. Their charac-
teristics during the research period are presented
in the publication of Mazur [2018]. The study

Horizon Depth Percent of fraction of diameter [mm] Sum of floatable
[cm] 1-0.1 |0.1-0.05|0.05-0.02 | 0.02—-0.006 | 0.006 —0.002 | <0.002 parts <0.02
0 0-4 - - - - - - -
A 4-17 4.0 15.5 46.2 16.9 1.1 6.3 343
Bt2 17-48 3.7 15.7 46.8 16.2 10.2 7.4 33.8
BC 48-65 2.9 16.5 45.9 16.5 9.8 8.4 34.7
Cca >65 3.3 15.5 47.6 17.6 8.8 7.2 33.6
Table 2. Selected physical properties of the studied soils
Horizon Depth Specific density Bulk density Total porosity Water permeability
[cm] [Mg-m-] [Mg-m?] [%] [x10¢ m-s™]
A 4-17 2.55 1.34 47.5 26.245
Bt2 17-48 2.61 1.39 46.7 17.326
BC 48-65 2.62 1.42 45.8 14.547
Cca >65 2.65 1.48 44.2 12.258
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of surface runoff on a forested slope was carried
out in 9 periods, while the subsurface outflow in
7 measurement periods. Rainfall heights then var-
ied from 31.5 to 63.6 mm (Table 3). The calculated
coefficient of variation was 24.21% (Table 4) — an
average variation [Mucha 1994]. Out of all the re-
corded instances of erosive precipitation, they oc-
curred most frequently in July (55.6%). In August,
their incidence was 33.3%, and in June 11.1%.
The EL precipitation and surface runoff in-
tensity index values ranged from 145.3 to 450.2
MJ-mm-ha'-h' (Table 4). The variation of the
EL,, index amounted to 41.77% — high variation
[Mucha 1994]. Dependence between the EL in-
dex and the total rainfall is shown in Figure 1.
High precipitation erosion potential, expressed by
the EI, index, does not necessarily depend on the
sum of the rainfall. The calculated value of the

correlation coefficient between the EL,  index and
the sum of rainfall r = 80, indicates a very high
correlation [Stanisz 1998]. The R? determination
index was 0.64. The high dependence (R? = 0.54)
between the EL, index and the amount of precipi-
tation was also confirmed by the results obtained
by Rejman [2006]. The correlation coefficient be-
tween EL| and the precipitation height calculated
by Swigchowicz [2012] amounted to 0.51.

The variation of surface water runoff from
the slope was 79.75%, indicating high variability
[Mucha 1994]. The surface water runoff level on
the slope was from 0.11 to 2.84 mm (Table 4),
which constituted from 0.3 to 4.5% of the pre-
cipitation causing the erosive event. These are
low rates in relation to the maximum surface out-
flows on arable lands, which can account for even
more than 40% of precipitation causing the ero-

Table 3. Date of occurrence and amount of erosive precipitation: a — surface runoff, b — subsurface runoff

2008 2009 2010 2011
Month i i i i
Date Rainfall Date Rainfall Date Rainfall Date Rainfall
[mm] [mm] [mm] [mm]
Jun - - 25 (a, b) 50.8 - - - -
3-4 (a, b) 63.5
Jul 7 (a) 31.5 - - 24 (a, b) 59.8 5(a, b) 57.2
20 (a) 32.1
6-7 (a) 44 .2
Aug - - - - 9(a, b) 63.6 - -
30 (a, b) 41.5

Table 4. Indicators characterizing rainfall, surface and subsurface runoff: a — surface runoff, b — subsurface runoff

Indicator Medium Sg?:t?gz Variation Minimum Maximum
Rainfall [mm] 49.4 1.9 24.21 315 63.6
Kinetic energy [J-h"] 491.7 153.4 31.19 245.3 699.3
Index El, [MJ-mm-ha'-h-] 277.7 115.9 41.77 145.3 450.2
Outflow a 1.27 1.01 79.75 0.11 2.84
[mm] b 0.05 0.02 30.38 0.03 0.08
Soil suspension a 0.033 0.02 53.77 0.012 0.059
[g-dm?] b 0.018 0.01 30.39 0.011 0.025
N-Nog a 1.139 0.22 19.15 0.895 1.464
[mg-dm?] b 1.485 0.30 20.31 1.025 1.841
N-NH, a 0.591 0.12 20.66 0.442 0.819
[mg-dm?] b 0.795 0.15 20.35 0.548 0.943
N-NO, a 0.301 0.07 2253 0.218 0.386
[mg-dm?] b 0.382 0.09 23.62 0.254 0.478
N-NO, a 0.146 0.03 18.96 0.104 0.185
[mg-dm?] b 0.178 0.03 18.92 0.162 0.213

a 0.257 0.05 19.72 0.194 0.379
P [mg-dm?]

b 0.331 0.07 22.25 0.212 0.423

a 1.123 0.16 14.36 0.946 1.421
K [mg-dm3]

b 1.335 0.18 13.12 1.311 1.621
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Fig. 1. Rainfall erosivity index EI,; in dependence on rainfall amount

sive event [Rejman 2006]. The subsurface runoff
during the research period occurred only from
the confined layer up to 0.25 m. Their variation
amounted to 30.38% — average variability [Mu-
cha 1994].

The subsurface water outflows ranged from
0.03 to 0.08 mm (Table 4), which accounted for
0.07 and 0.13%, respectively, of the precipita-
tion causing the erosive event. In total, the larg-
est outflows were recorded in 2010 (a wet year
with precipitation of 867.7 mm). The surface
runoff was then 5.74 mm, and the subsurface
outflow was 0.17 mm, which accounted for
0.66% and 0.02%, of annual precipitation, re-
spectively. Very low runoff rates are the result
of the high retention capacity of forest ecosys-
tems. According to a study conducted by Tyszka
[2008], interception, retention of forest litter and
a relatively high permeability of forest soils en-
able the retention of a large part of the precipita-
tion and conversion of surface runoff into a ver-
tical ground drain. Thus, the forest increases the
resources of groundwater.

The concentration of the soil suspension con-
tained in the surface runoff waters was charac-
terized by high variability (53.77%) and ranged
from 0.012 to 0.059 g-dm?, and in the subsurface
runoff waters 0.011-0.025 g-dm™ (Table 4). With
respect to the concentrations of soil suspended
in waters flowing from arable land reaching the
maximum values of 170-240 g-dm= [Mazur 2018,
Zmuda 2006], they should be recognized as very
low. The mass of the eroded soil on the slope dur-
ing individual events was also very low, from 0.01
to 1.67 kg-ha'! during the surface runoff and 0.003
to 0.020 kg-ha! during the subsurface outflow. In
the field of sugar beet cultivation, the maximum
surface soil wash during a single event was esti-
mated by Zmuda [2006] at 60.132 Mg-ha"' and
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Rejman [2006] at 20.640 Mg-ha! (cultivation of
root crops). The surface wash of the soil from the
forested slope during the four years of research
was 5.390 kg-ha'!. The largest amount of the erod-
ed soil (54.8%) flowed in 2010 (2.953 kg-ha'),
and the lowest in 2008 (0.013 kg-ha'! (Figure
2a). During the subsurface outflow, the mass of
the eroded soil during the four-year study period
was 0.066 kg-ha!'. The highest soil losses (0.036
kg-ha'!, which is 54.52% of the total eroded soil
mass) were recorded in 2010, while the lowest
(0.008 kg-ha') in 2009 (Figure 2b). In compari-
son with arable land, soil loss from the forested
slope, should be considered as very low. Accord-
ing to the studies by Mazur [2018] and Rejman
[2006], the annual soil losses on arable lands can
even exceed 160 Mg-ha™'.

The chemistry of waters flowing from the
slope was characterized by low diversity. This is
evidenced by the calculated values of variation co-
efficients ranging from 19.15 to 23.62% (Table 4)
— small variability [Mucha 1994]. The concentra-
tion of total nitrogen in the surface flowing waters
ranged from 0.895 to 1.464 mg-dm N-Nog. On
the other hand, the concentrations of other forms
of nitrogen were at the level of: ammonium 0.442-
0.819 mg-dm” N-NH,, nitrate 0.28-0.386 mg-dm"
N-NO,, nitrite 0.104-0.185 mg-dm> N-NO,. The
concentration of phosphorus flowing away in the
dissolved form was in the range of 0.194-0.379
mg-dm3 P, and potassium 0.946-1.421 mg-dm
K. In the subsurface flowing waters, total nitro-
gen concentrations ranged from 1.025 to 1.841
mg-dm> N-Nog. The concentrations of other
forms of nitrogen were at the level of: ammonium
0.548-0.943 mg-dm” N-NH,, nitrate 0.254-0.478
mg-dm® N-NO,, nitrite 0.162-0.213 mg-dm?
N-NO,. The concentration of phosphorus was on
the level of 0.212-0.423 mg-dm™ P, and potas-
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Fig. 2. Losses of N, P, K and soil as a result of surface (a) and subsurface (b) runoff from the slope

sium 1.311-1.621 mg-dm K. It is worth noting
that only in the case of ammonium nitrogen and
phosphorus, the maximum concentration exceed-
ed the limit values for the I class of water purity
established in the Regulation of the Minister of
Environment of November 9, 2011 [Reg... 2011].
The maximum concentrations of the remaining
water quality indicators tested were at a low level
and did not exceed the limit values of indicators
for the first class of water purity.

The average annual concentration of the test-
ed water quality index was varied in individual
years of research, both in the surface (Figure 3a)
and in subsurface water runoff (Figure 3b). In the
surface outflow, the difference between the mini-
mum, maximum and average annual concentra-
tions of the tested indicator was at the level of
14 to 308%. The least diverse (14-22%) was the
average annual concentration of N-NO,, P and K.
For N-Nog and N-NH,, the difference was 40 and
41%, respectively. However, for N-NO, it was
77%, and for soil suspension as much as 308%.
A smaller variation in average annual concentra-
tions occurred in the subsurface outflow waters
(12-40%). For N-Nog, K and N-NO, the differ-
ence was from 12 to 14%. For the soil suspension,
N-NH, and N-NO, it amounted to 19, 23, 25%,
respectively. However, for P it was 40%.

Together with water during surface runoff
of waters, in a form dissolved from the forested
slope, in the following year flowed: from 0.010
to 0.780 kg-ha! N-Nog, 0.003-0.151 kg-ha'! P,
0.011-0.117 kg-ha! K (Figure 2a). During the sub-
surface outflow of water, in the dissolved form, it
flowed annually: from 0.008 to 0.028 kg-ha! N-
Nog, 0.002-0.006 kg-ha' P, 0.007-0.025 kg-ha™
K (Figure 2b). These are low losses in relation
to N, P, K losses occurring on agriculturally used

lands. Kim et al. [2018] determined that the nitro-
gen losses range from 5.63-13.97 kg-ha!, and the
phosphorus losses from 0.96-11.00 kg-ha™'. How-
ever, according to Mazur’s research [2018], the
annual nitrogen losses range from 5.762 to 23.448
kg-ha'!, phosphorus from 0.696 to 4.644 kg-ha’,
and potassium from 5.937 to 19.216 kg-ha™.

The calculated low values of Pearson’s cor-
relation coefficients enable to conclude that the
concentration of the tested chemical indicator
of water quality cannot be inferred from the pa-
rameters of erosive rainfall (its height, kinetic
energy and EL index) or the size of water out-
flow. The analysis of the dependence, at the sig-
nificance level of o = 0.05, did not show any
statistically significant correlations between the
analyzed factors (Table 5), both for surface and
subsurface flowing waters — correlations from
faint to weak [Stanisz 1998]. The statistically
significant dependencies were obtained between
the precipitation parameters as well as the sur-
face and subsurface outflows (correlations from
high to almost certain [Stanisz 1998]). Addition-
ally, the soil suspension concentrations, as well
as soil losses, N, P and K were in most cases
significantly statistically correlated with precipi-
tation erosive rainfall and the size of the water
outflow (correlations from high to almost certain
[Stanisz 1998]).

CONCLUSIONS

The research carried out on the forested loess
slope, on the outflow of surface and subsurface
water and selected components of matter, prove
that this is an area threatened by erosion, and the
flowing waters are laden with chemical and me-

263



Journal of Ecological Engineering Vol. 19(6), 2018

a) EN-Nog  N-NH4 ®=N-NO3 ®mN-NO2 =P ®mK msoil x100

‘é 1,4
an
E 12
=
2
g 1,0
5 08 -
g
S 0,6
g
S 04 -
2
S 0,2 1

0,0 -

2008 2009 2010 2011
Year
b) EN-Nog  N-NH4 ®N-NO3 ®mN-NO2 =P ®mK msoil x100

g 16
an
E 14
=
S 1,2 4
8
£ 1,0 -
3
g 0,8 -
5 06 -
g
2 04 -
o
=02

0,0 -

2009 2010 2011
Year

Fig. 3. Average annual concentration of tested indicators of water quality in surface
(a) and subsurface (b) runoff from forested slope

chanical pollution. This is the result of the denud-
ing processes. However, the losses of N, P, K and
soil are low in relation to the losses recorded on
arable lands. The following conclusions can be
drawn on the basis of the research:

The surface runoffs from the slopes were at
a low level of 0.11 to 2.84 mm, representing 0.3
to 4.5% of the precipitation causing the erosive
event. The subsurface outflows occurred only
from the layer up to 0.25 m and ranged from 0.03
to 0.08 mm, which accounted for 0.07 and 0.13%,
of erosive precipitation, respectively.

The maximum concentrations of ammonium
nitrogen and phosphorus in the waters flowing
from the slope exceeded the limit values for the
class I water purity and were: 0.943 mg-dm?
N-NH,, 0.423 mg-dm" P, respectively. In contrast,
the maximum concentrations of the other quality
indicators tested water (total nitrogen, ammoni-
um and nitrite, potassium and slurry) were at a
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low level and did not exceed the limit values for
class I water purity.

The maximum annual losses of plant nutri-
ents and soil were: 0.808 kg-ha' N, 0.157 kg-ha'!
P, 0.142 kg-ha! K and 2.989 kg-ha™! soil.

There were no statistically significant rela-
tionships between the concentration of the tested
chemical indicator of water quality and erosive
precipitation and its parameters. water outflow, a
concentration of soil suspension, soil losses and
N, P, K were significantly correlated with ero-
sive precipitation and its parameters. High cor-
relation was also obtained between water out-
flow and soil suspension concentration as well
as soil losses, N, P and K .

Afforestation of the loess slopes threatened
by erosion is a treatment that effectively protects
the soil against water erosion, as well as surface
waters against eutrophication, due to the low lev-
el of leaching of biogenic elements.
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Table 5. Correlation between the quality indicators of outflowing waters and losses of constituents of matter, pre-

cipitation parameters and outflow

. . Kinetic energy Index El,,
Indicator Rainfall [mm] [J-h] [MJ-mm-ha’-h] Outflow [mm]

Outflow a 0.898" 0.875° 0.948 1
[mm] b 0.678 0.812° 0.951° 1
Soil suspension a 0.878" 0.913 0.983 0.972°
[g-dm?] b 0.535 0.739° 0.967 0.981"
N-Nog a -0.148 -0.195 -0.254 -0.142
[mg-dm?] b -0.194 -0.243 -0.301 -0.199
N-NH, a -0.189 -0.252 -0.235 0.195
[mg-dm™] b -0.275 -0.297 -0.352 -0.295
N-NO, a -0.254 -0.289 -0.292 -0.164
[mg-dm?] b -0.312 -0.398 -0.324 -0.253
N-NO, a -0.325 -0.381 -0.415 -0.299
[mg-dm?] b -0.392 -0.465 -0.451 -0.354

a -0.256 -0.251 -0.245 -0.189
P [mg-dm?]

b -0.323 -0.359 -0.321 -0.256

a -0.199 -0.342 -0.235 -0.195
K [mg-dm=]

b -0.232 -0.389 -0.298 -0.248

a 0.835 0.861° 0.955° 0.983
Soil [kg-ha] - - -

b 0.566 0.731 0.942 0.991

a 0.864 0.875 0.964 0.993
N-Nog [kg-ha] - - -

b 0594 0.813 0.974 0.992

a 0.803" 0.788 0.907 0.956
P [kg-ha]

b 0.665 0.743 0.790 0.927°

a 0.841" 0.845' 0.945° 0.990"
K [kg-ha™]

b 0.599 0.790 0.954 0.987

Comments:

" statistically significant.
a — surface runoff, b — subsurface runoff.
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