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Abstract: The spatial complexity of floodplains is a function of several processes: hydrodynamics,
flow direction, sediment transportation, and land use. Sediments can bind toxic elements, and as
there are several pollution sources, the risk of heavy metal accumulation on the floodplains is high.
We aimed to determine whether fluvial forms have a role in metal accumulations. Topsoil samples
were taken from point bars and swales in the floodplain of the Tisza River, North-East Hungary. Soil
properties and metal concentrations were determined, and correlation and hypothesis testing were
applied. The results showed that fluvial forms are important drivers of horizontal metal patterns:
there were significant differences (p < 0.05) between point bars and swales regarding Fe, K, Mg, Mn,
Cr, Cu, Ni, Pb, and Zn. Vertical distribution also differed significantly by fluvial forms: swales had
higher metal concentrations in all layers. General Linear Models had different results for macro and
micro elements: macro element concentrations were determined by the organic matter, while for
micro elements the clay content and the forms were significant explanatory variables. These findings
are important for land managers and farmers because heavy metal concentration has a direct impact
on living organisms, and the risk of bioaccumulation can be high on floodplains.
Keywords: fluvial landforms; swale; point bar; topsoil samples; vertical contamination; General
Linear Model (GLM)

1. Introduction
Floodplains are relatively flat but spatially complex landforms adjacent to river channels in
all alluvial valleys [1,2]. They are formed by the river and are ordinarily inundated [3,4]. Their
microtopography acts on several processes, e.g., hydrodynamic, flow direction, and sediment
transportation, land uses, and land cover; therefore, they play a crucial role in flood control [5].
During floods, it is not only water and sediments which are conveyed by rivers to floodplains, but
Water 2020, 12, 563; doi:10.3390/w12020563

www.mdpi.com/journal/water

Water 2020, 12, 563

2 of 16

also heavy metals [6,7], which get into the water due to natural processes (e.g., weathering) or human
activities (e.g., mining) [8–10], either in soluble form, or with suspended matter [11]. Heavy metals
can be dangerous for living organisms: if these metals are taken up by crops or grass in pastures,
they can get into food chains and can pose a serious health threat through bioaccumulation and
biomagnification [12,13]. Consequently, it is important to map and monitor the quantity and the spatial
distribution of metals accumulated in the floodplains of rivers.
Hungary is in a special situation: the country lies in the middle of the Carpathian basin and
90% of the surface water discharge comes from outside its boundaries [14]; thus, there is a high
dependence on the environmental practice(s) of the neighboring countries. Some rivers (especially
the Tisza River and its tributaries such as the Kraszna, Szamos, and Túr which arrive from Romania
and Ukraine) carry potentially polluted water, in soluble form and bound to the fine fraction of the
suspended sediments (i.e., clay has the potential to bind heavy metals [15–17], as in their catchment area
there are several pollution sources (ore mines, industrial plants, sewage treatment plants etc. [18,19]).
Thus, their floodplains are occasionally polluted with different amounts of heavy metals during
flooding events [20]. The risk varies over time, e.g., there were two toxic sedimentation events, both
of which occurred due to relevant increases in melting snow and heavy rains in 2000 (cyanide and
heavy metal pollution), most of the sources of which are still active [21,22]. The rate of the overbank
sedimentation processes varies in space and time between 1 and 20 mm annually [23–27]. Furthermore,
the rate depends on the distance from the riverbank (sediments become finer as a function of distance),
hydrodynamic processes (i.e., slow speed generates higher rates of sedimentation), vegetation density
(dense vegetation slows down the speed), the shape of the active floodplain (dykes along the river are
not parallel, and therefore there are narrow and wide areas which have direct effects on the speed) and
the fluvial forms [28–35].
Examples of heavy metals on floodplains derived from mining have been described by many
authors [6,36–40] as has the use of metals to determine the timing and stratigraphy of floodplain
alluvium [41–44]. Furthermore, there are studies on geomorphology as a driver of heavy metal
accumulation in alluvial areas [13,45–50], but their number is limited in relation to how the pattern of
heavy metals alters among floodplain forms [51–54]. However, this is an important topic as different
fluvial forms can generate very diverse accumulation patterns and a better knowledge of this can help
to produce better maps of the distribution of metals. As floodplains are often areas of intensive or
extensive agricultural production, having more information about the horizontal and vertical pattern
of the concentration of the metals is also an important task.
The aim of our work was to reveal the role of fluvial geomorphic forms—point bars and swales—on
heavy metal patterns. The main questions were the following: (1) Are there significant differences
in the heavy metal concentration between swales and point bars? (2) Which soil properties have a
relevant influence on heavy metal accumulation? (3) Is there a trend in the vertical distribution of
heavy metals? And (4) is there a statistical interaction between swales and point bars and the vertical
distribution of metals?
2. Materials and Methods
2.1. Study Site
The study area is in the floodplain of the Tisza River NE-Hungary, near Rakamaz (Figure 1). The
Tisza River enters the country from the Carpathians and meanders through its floodplain forming
sinuous loops. It was intensively regulated in the 19th–20th century, many of the meanders were cut
and dykes were built [55]. Despite the river regulation works, the Tisza River Valley is acknowledged
as one of the most natural river valleys in Europe [56]. The floodplain, which lies exactly below the
confluence of the Bodrog and Tisza River, belongs to the Natura 2000 network, and is a Ramsar site.
Here, the floodplain is wide and rich in landforms. The main landforms of the study site are point bars
and swales. The key process behind their formation is a horizontal floodplain evolution caused by
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the continuously shifting central line of the Tisza River. There are more than a hundred swales and
point bars in the floodplain between the Nagy-Morotva Lake, which is an oxbow lake emerged by
natural cut off process [57,58], and the Tisza River. The different position of the point bar and swale
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(sampling locations are marked by the red polygon in Figure 1); the total number of these samples was
270. The sampling was conducted at a distance of 2500–3000 m from the Tisza riverbed. Furthermore,
areas closer to the river had been disturbed by previous agricultural activity (ploughing) and the forms
occurring were not restricted to swales and point bars.
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2.3. Laboratory Analysis
Soil properties were determined in the laboratory of the Institute of Geosciences (University of
Debrecen) according to current Hungarian standards. The soils were first oven-dried at 40–60 ◦ C
and then disaggregated in a porcelain mortar. The organic matter content was determined following
Tyurin’s scheme with dichromate digestion and titration with Fe(NH4 )2(SO4 ) 6H2 O Kononova’s version
(1966) in [63]. The pH[H2 O] and pH[KCl] were measured with the electrometric method [64]. The
granulometric composition was carried out with the Köhn-pipette approach, where soil samples were
put in suspension, and the sedimentation of the particles by gravity gave the basis of the measurements;
specifically, the settling time of 10 cm-s was applied for measurement [65,66]. For the determination of
metal concentrations, soil samples were treated with the HNO3 /H2 O2 acid digestion method at 130 ◦ C
for 2 h, then passed through 12–15 µm filter paper [20,67]; then the concentrations of Al, Ca, Fe, K, Mg,
Mn, Cr, Cu, Ni, Pb, Zn were measured with an MP-AES 4200 Microwave Plasma Atomic Emission
Spectroscopy device [68] in the Department of Inorganic and Analytical Chemistry (University of
Debrecen). Al, Ca and Mg are not heavy metals [69]; thus, when we refer to heavy metals, we do not
include these elements in the interpretations. Furthermore, we refer to metal concentrations with a
term of accumulation, too, as the sampled 0–25 cm layers are the result of several years of accumulation
processes [27,70].
2.4. Terrain Dataset and Analysis
For auxiliary data we used a LiDAR (Light Detection and Ranging) point cloud and a Digital
Terrain Model (DTM) created from the LiDAR bare earth point cloud with 1 m geometric resolution. The
survey was carried out in the framework of flood protection projects (Swiss-Hungarian Program [71]).
The dataset provided the basis for the visual interpretation of the geomorphological forms, and for the
vectorization and cross-section generation, which were performed in the ESRI ArcGIS 10.3 software
environment [72].
2.5. Statistical Analysis
We applied hypothesis testing to reveal whether the sampling site had significant differences
in its heavy metal distributions. According to the Shapiro-Wilk test, most variables did not follow
the normal distribution; thus, we applied robust methods. We applied the robust Two-Sample t-test
(Yuen’s test) combined with trimmed means (with a trim proportion of 0.2) and bootstrapping (599
replications), which does not require normal distribution [73]. The main factor which was applied was
the fluvial forms (point bar, swale). Our H0 was that mean concentrations of heavy metal were the
same at the fluvial forms, while H1 predicted differences in the concentrations. We also determined the
effect size (r), which is a standardized measure of the magnitude of differences: similarly to correlation,
its range is between 0 and 1 (the sign is not important, it depends on the categorical variable), and
values tending to 1 mean large differences, while values close to 0 refer to negligible effects [74]. The
vertical distribution of heavy metals was analyzed with a robust two-way factorial ANOVA (analysis of
variance). We aimed to reveal the effect of depth layers and fluvial forms on heavy metal concentrations.
The relationship between heavy metals and soil properties was analyzed with correlation analysis, and
the result was visualized as a correlation plot. We applied dimension reduction to the metals studied;
a standardized Principal Component Analysis (PCA) was performed using the correlation matrix and
Varimax rotation. Our primary aim was to separate the metals into correlating groups (i.e., rotated
principal components, RCs) to obtain fewer variables, keeping the explained variance at the maximum
level. Then, we analyzed the RCs as dependent variables to explore whether the soil properties and
landforms had significant effects with General Linear Models. For GLMs, we calculated the effect size
(ω2 ), which is the estimate of how much variance in the dependent variable is accounted for by the
independent variables [75]. According to [74], the effect is considered very small when ω2 is <0.01;
it is small between 0.01–0.06, medium between 0.06–0.14, and large when >0.14.
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Statistical analysis was conducted in R 3.5.3 [76] with the ggcorrplot [77], and the WRS2 [78]
packages. GLM was performed in Jamovi 1.1.7 with the General Analyses for Linear Models
module [79].
3. Results
3.1. Basic Soil Properties and the Concentrations of Heavy Metals
Samples with the largest fraction of sandy sediments belonged to the positive landforms, i.e.,
point bars, while clayey samples originated from the negative forms, i.e., swales (Table 1).
Table 1. The soil characteristics of the analyzed samples, according to the two landforms.
Forms

Sand (%)

Silt (%)

Clay (%)

Organic
Matter (%)

pH [H2 O]

pH [KCl]

Point bar

Mean
Standard deviation

17.56
7.93

49.05
4.70

33.39
5.57

4.24
1.04

6.77
0.58

5.95
0.77

Swale

Mean
Standard deviation

10.56
2.18

52.55
1.88

36.89
3.18

4.90
1.33

7.04
0.32

6.40
0.42

The granulometric composition—the mixture of sand, silt, and clay particles—was the most
diverse in the point bars. The samples of the bars belonged to 5 texture classes: clay loam (8 samples),
loam (2 samples), silt loam (4 samples), silty clay (4 samples), and silty clay loam (16 samples). Samples
from swales were characterized by silty clay (5 samples) and silty clay loam (25 samples) textures. Soils
were rich in organic matter (3–7%). The pH of the samples was neutral in the floodplain.
Regarding heavy metals (Figure 2), Zn was the only element for which the amount was above the
contamination level in 10 samples (200 mg/kg, 6/2009 IV.14. KöM-EüM-FVM-KHVM regulation) in
4 point bars and 6 swales. Its content varied from 129.2 to 256.4 mg/kg, with an average of 184.9 mg/kg.
Water
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3.2. Horizontal Pattern of Heavy Metals
In the floodplain the higher metal concentrations belonged to the swales. There were significant
differences (p < 0.05) between point bars and swales in each of the studied metals (Table 2).
Table 2. Differences of heavy metals by point bars and swales according to the Robust Independent
Samples (Yuen’s) T-Test (t: t-statistic, df: degree of freedom, p: significance, mean diff.: mean
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3.2. Horizontal Pattern of Heavy Metals
In the floodplain the higher metal concentrations belonged to the swales. There were significant
differences (p < 0.05) between point bars and swales in each of the studied metals (Table 2).
Table 2. Differences of heavy metals by point bars and swales according to the Robust Independent
Samples (Yuen’s) T-Test (t: t-statistic, df: degree of freedom, p: significance, mean diff.: mean difference
between heavy metal content, ξ: effect size; p < 0.05 highlighted with bold).
Heavy Metals
Al

Ca

Fe

K

Mg

Mn

Cr

Cu

Ni

Pb

Zn

Test

t

df

p

Mean Diff.
(mg/kg)

ξ

Yuen’s test

1.69

35.9

0.101

-3031.88

0.430

Yuen’s bootstrapped

−1.62

-

0.120

-

-

Yuen’s test

1.87

35.0

0.070

−1435.94

0.433

Yuen’s bootstrapped

−1.78

-

0.077

-

-

Yuen’s test

2.16

32.9

0.038

−4647.53

0.539

Yuen’s bootstrapped

−2.06

-

0.057

-

-

Yuen’s test

3.35

35.2

0.002

−556.64

0.632

Yuen’s bootstrapped

−3.28

-

<0.001

-

-

Yuen’s test

2.53

36.4

0.016

−1025.14

0.565

Yuen’s bootstrapped

−2.42

-

0.013

-

-

Yuen’s test

3.26

37.1

0.002

−256.68

0.603

Yuen’s bootstrapped

−3.17

-

0.002

-

-

Yuen’s test

2.39

36.6

0.022

−2.34

0.452

Yuen’s bootstrapped

−2.29

-

0.023

-

-

Yuen’s test

3.93

37.5

<0.001

−4.45

0.704

Yuen’s bootstrapped

−3.79

-

0.002

-

-

Yuen’s test

4.27

32.0

<0.001

−3.16

0.791

Yuen’s bootstrapped

−4.06

-

0.002

-

-

Yuen’s test

3.05

38.0

0.004

−4.43

0.549

Yuen’s bootstrapped

−2.95

-

0.003

-

-

Yuen’s test

4.51

25.7

<0.001

−19.31

0.815

Yuen’s bootstrapped

−4.25

-

<0.001

-

-

3.3. Vertical Distribution of Heavy Metals
Vertical distributions of the metals did not show a clear overall trend (Figure 3). Ca, Cu and Zn
had a continuously decreasing concentration towards the deeper layers in both the point bars and
swales, with the highest concentration in the top 5 cm. Mn and K showed the same pattern at the
point bar samples, but not in the case of the swales. Al, Fe, Mg, and Cr had increasing concentrations
in swales in the deeper layers, but in point bars they started to decrease after a maximum depth of
5–15 cm. According to the two-way factorial ANOVA, the depth did not have significant effect on
the vertical distribution of Ni in the top 25 cm layer, while the geomorphology of the floodplain (i.e.,
swales and point bars) caused significant differences in each metal’s concentration: swales had a higher
concentration in each depth layer. There were only two metals (Ca and Cu) where the interaction of
the two factors (depth and fluvial form type) did not have a significant effect on the distribution, i.e.,
concentrations depended both on the depth and landform (swale or point bar) for all other metals
(Table 3).
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Table 3. Result of two-way factorial ANOVA by depth layers and landforms (highlighted with bold: p
< 0.05).
Heavy
Metals

Mean Square
Layer

Form

Al
60,345,174
164,033,034
Ca
8,798,030
44,212,057
Fe
102,014,865
267,920,804
K
646,924
4,338,481
Mg
1,651,569
33,482,505
Mn
129,790
578,617
Cr
285.8
1443.5
Cu
1582
3953
Ni
24.3
1073.8
Pb
225
4743
Zn 2020, 12, 15774
57966
Water
x FOR PEER REVIEW

p (Significance)

F Value
Layer:
Form

Layer

15,134,736
2,242,957
86,580,483
466,156
1,858,403
116,851
162.8
12
55.3
201
1181

15.15
4.473
9.558
7.507
4.637
2.842
7.915
61.105
1.849
3.913
49.079

Form

Layer:
Form

Layer

Form

Layer:
Form

41.18
22.476
25.101
50.342
93.997
12.669
39.981
152.639
81.739
82.395
180.357

3.80
1.140
8.112
5.409
5.217
2.559
4.510
0.475
4.209
3.491
3.674

<0.001
0.001
<0.001
<0.001
0.001
0.024
0.001
<0.001
0.119
0.004
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.005
0.338
<0.001
<0.001
<0.001
0.039
0.001
0.754
0.002
0.008
8 0.006
of 17
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swale—red).

3.4. Relationship between Soil Properties and Heavy Metals
First, we conducted correlation analysis. There were negative correlations between the heavy
metals and the sand fraction, and the distance from the Tisza riverbank, while soil properties were in
a positive relationship with the metals (Figure 4). The clay content had a role in binding metals with
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3.4. Relationship between Soil Properties and Heavy Metals
First, we conducted correlation analysis. There were negative correlations between the heavy
metals and the sand fraction, and the distance from the Tisza riverbank, while soil properties were in a
positive relationship with the metals (Figure 4). The clay content had a role in binding metals with
moderate correlations. Additionally, correlations between heavy metals, e.g., Zn/Cu, Cu/Pb, Fe/Mg,
Mg/Ca, Fe/Al, Ni/Cr were high (r > 0.7). Al had a strong connection with Cr, Cu, Ni from among the
Water 2020, 12, x FOR PEER REVIEW
9 of 17
micro elements; Fe also correlated with these elements and, additionally, with Zn.

Figure 4. Connections between heavy metals (mg/kg) and soil properties (OM: Organic matter, %; dist:
Figure 4. Connections between heavy metals (mg/kg) and soil properties (OM: Organic matter, %;
distance from the Tisza riverbank).
dist: distance from the Tisza riverbank).

As the next step we used the RCs of the PCA in the analysis. The PCA performed on the metals
As the next step we used the RCs of the PCA in the analysis. The PCA performed on the metals
was justified by the fact RMSR = 0.03, which indicated that the quality of the adjustment was good; the
was justified by the fact RMSR = 0.03, which indicated that the quality of the adjustment was good;
result explained 92% of the total variance. RC1 accounted for 41% and was in strong correlation with
the result explained 92% of the total variance. RC1 accounted for 41% and was in strong correlation
Al, Ca, Fe, K, and Mg, while RC2 accounted for 40% of the variance and correlated with Cr, Cu, Ni, Pb,
with Al, Ca, Fe, K, and Mg, while RC2 accounted for 40% of the variance and correlated with Cr, Cu,
Zn. RC3 accounted for 11% and correlated with Mn. Accordingly, RC1 referred to the macro, while
Ni, Pb, Zn. RC3 accounted for 11% and correlated with Mn. Accordingly, RC1 referred to the macro,
RC2 to the micro elements (and were heavy metals at the same time).
while RC2 to the micro elements (and were heavy metals at the same time).
Combining the possible influencing factors of the metal distribution using the RCs as aggregated
Combining the possible influencing factors of the metal distribution using the RCs as aggregated
variables, we found that RC1 (macro elements) as a dependent variable resulted in a model where
variables, we found that RC1 (macro elements) as a dependent variable resulted in a model where
soil properties and the two landforms accounted for 14.5% of the variance (adj. R2 = 0.145), but had
soil properties and the two landforms accounted for 14.5% of the variance (adj. R2 = 0.145), but had a
a significant relationship only with the organic matter content, and all other factors had only weak
significant relationship only with the organic matter content, and all other factors had only weak
effect on them according to the partial ω2 (Table 4). However, in the case of heavy metals (RC2), the
effect on them according to the partial ω2 (Table 4). However, in the case of heavy metals (RC2), the
fluvial landforms and the clay content had significant (p < 0.05) and considerable (ω2 < 0.01) effects,
and the model explained 30.8% of the variance (adj. R2 = 0.308). While the clay content had a large
effect, fluvial forms had only a small effect on the metal distribution (Table 5).
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fluvial landforms and the clay content had significant (p < 0.05) and considerable (ω2 < 0.01) effects,
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SS

df

F

p

ω2

Model

12.539

4

3.665

0.010

0.143

Fluvial form

0.443

1

0.518

0.474

−0.006

Clay

0.737

1

0.862

0.357

−0.002

Distance from river

2.466

1

2.883

0.095

0.025

Organic matter

5.265

1

6.155

0.016

0.069

Residuals
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59
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-

-

Total
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63
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Table 5. Summary of GLM performed with RC2 (SS: Sum of Squares, df: degree of freedom, F: F-statistic,
p: significance, ω2 : effect size; p < 0.05 is highlighted with bold).
Source

SS

df

F

p

ω2

Model

22.160

4

8.004

<0.001

0.304

Fluvial form

3.778

1

5.458

0.023

0.048

Clay

9.678

1

13.981

<0 .001

0.141

Distance from river

0.988

1

1.427

0.237

0.005

Organic matter

0.526

1

0.761

0.387

−0.003

Residuals

40.840

59

-

-

-

Total

63.000

63

-

-

-

4. Discussion
Accumulation patterns have strong relationship with the distance from the riverbank, but it
cannot be explained directly by this factor, as the hydrodynamic conditions change even on an annual
time scale in relation to the magnitude of floods (i.e., water discharge, speed and depth) and also as
the land cover changes (conversions of land, e.g., from forest to plough land or from plough land to
abandoned site; [24,80,81]). Unlike a soil horizon where the evolution of soil formation is a unified
process (e.g., Chernozems), Fluvisols are regularly inundated, causing reductive circumstances and
new layers of sediments being deposited on the top layer; all flood events can have unique features in
terms of granulometric composition and metal content. Thus, the variation in the horizontal pattern
is also the consequence of the heterogeneous state of the sampled top 25 cm. According to [23] the
deposition rate is greater close to the river (~10–20 mm/year) and only a few millimeters per year from
the riverbank at about 1000 m distance; thus our sampled layer may be the result of 50–100 (or even
more) flood events with different sediments and metal contents.
At the study site, the correlations between the metals and the distances from the Tisza riverbed
were weak or moderate with a negative sign (from −0.26 to −0.49). The weak correlation and the
negative sign are in accordance with [82], and are the consequence of the decreasing amount of
depositing sediments: water only inundates the area during floods and most suspended sediment
deposits are close to the river; our study area was at a distance of 2500–3000 m from the Tisza riverbed.
The granulometric composition of the landforms is in accordance with the findings of [83], i.e.,
that point bars had a higher ratio of coarser fraction than swales: point bars had a sand fraction of
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17.6 ± 7.9%, and swales of 10.6 ± 2.2%; furthermore, the clay content was 33.4 ± 5.5 and 36.8 ± 3.2%,
respectively. It is due to point bars emerged higher water discharge, when river sediment transportation
capacity is higher, thus more sand sediments would be accumulate; and also the flow velocity is greater
over bars, thus fewer clay sediments would be deposited here, than swales lying in slow-moving
depositional environment. Metals are bound by inorganic and organic colloids. Clay, as an inorganic
colloid, was one of the most important factors determining the micro elements’ (RC2) concentration
besides the fluvial forms. However, the clay was not a significant variable for macro elements (RC1).
The reason is that clay (i.e., clay minerals) bound the micro elements and deposited them in greater
amounts in the deeper swales, but macro elements are often the building elements of the crystal
structure of the clay minerals (as Al-, Fe and Mg-octahedral sheets; [84]. Soil formation, in this area is
influenced by soil moisture and regular water coverage, which controls the adsorption-desorption of
the metal concentration through the pH, organic matter transformation and humic substance formation,
and is strongly linked to the concave and convex fluvial forms [85].
Concave forms with better water supply support denser vegetation, and this is reflected in the
higher organic matter content of the swale samples 4.9 ± 1.3%, while in the bars it was lower, at 4.2 ± 1%.
The organic matter was the significant explanatory variable which determined the concentration of
macro elements (RC1) in the GLM. This connection is confirmed by several authors [86,87] as Fe,
Al, and Ca are key regulators of soil organic matter stability. However, pairwise correlations only
varied between 0.3 and 0.5: it is known that floodplains do not provide favorable locations for humus
formation; usually the first stages of transformation, the fulvic acids, are dominant, and these have an
acidic character, few binding locations and poor binding capacity [88].
As a consequence of the number of colloids, point bars had lower metal concentrations (Figure 2,
Table 2). Furthermore, there is another process which can have a relevant effect on the concentration,
i.e., leaching and erosion [54]. Point bars have better infiltration capacity because of their higher sand
content, their higher position between the swales, and the downward erosion of the finest particles
(which bind heavy metals). Thus, both the infiltrating water of rains and floods and the surface runoff
(generated by precipitation) reduce the metal concentration. Accordingly, in the study area where
swales and point bars form a series of concave and convex forms, a simple regular pattern can be
observed (Figure 5a,b): swales as depressions usually had higher heavy metal concentrations, while in
point bars the values were lower. Although the differences were significant between point bars and
swales regarding each metal, this was not true for all forms. When the relative situation resulted in
point bars at lower terrain heights (i.e., a point bar swale series between higher point bars, Figure 5c),
the difference in heavy metal concentrations did not followed the pattern which was characteristic in
all other locations (Figure 5d). In this case, the vegetation density counter-balanced the sediment trap
effect of swales as dense grass decreases flow speed and intensifies deposition [30,89].
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5. Conclusions
We conducted a geomorphology-based heavy metal analysis to determine the relationship between
two fluvial forms—point bars and swales—and metal concentrations. We revealed that macro and
micro elements formed two non-correlating principal components, for the following reasons: micro
elements are bound to clayey sediments while clays consist of Fe, Al, Mg, the macro elements. Fluvial
forms, i.e., the concave swales and the convex point bars, are important influencing factors of the
horizontal heavy metal patterns: swales had significantly (p < 0.05) higher concentrations for each
studied metal in the examined floodplain. Vertical distribution also differed significantly by forms:
swales had higher metal concentrations in all layers. While concentrations of Al, Fe, Mg, and Cr
gradually increased, all the other metals had a decreasing trend in the deeper layers. These findings
are important for land managers and farmers because heavy metal concentration has a direct impact
on living organisms, and floodplains are important scenes of agricultural activities, here for example
grazing and harvesting are presented. Principles drawn from a better understanding of heavy metal
accumulation pattern help to identify the hotspot areas of severe metal contents.
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Vass, R. Ártérfejlődési Vizsgálatok Felső-Tiszai Mintaterületeken (Examination of Fluvial Development on
Study Areas of Upper Tisza Region); Tóth könyvkereskedés és Kiadó Kft.: Nyíregyháza, Hungary, 2018;
ISBN 978-615-00-1833-1.
Piégay, H.; Hupp, C.R.; Citterio, A.; Dufour, S.; Moulin, B.; Walling, D.E. Spatial and temporal variability in
sedimentation rates associated with cutoff channel infill deposits: Ain River, France. Water Resour. Res. 2008,
44, 1–18. [CrossRef]
Szabó, S.; Gosztonyi, G.; Juhos, K. Statistical analysis of heavy metal content of sediment samples from the
floodland of Tisza River. Hidrológiai Közlöny 2009, 89, 50–54.
Crosato, A.; Saleh, M.S. Numerical study on the effects of floodplain vegetation on river planform style.
Earth Surf. Process. Landf. 2011, 36, 711–720. [CrossRef]
Vietz, G.J.; Rutherfurd, I.D.; Stewardson, M.J.; Finlayson, B.L. Hydrodynamics and sedimentology of concave
benches in a lowland river. Geomorphology 2012, 147–148, 86–101. [CrossRef]
Nicholas, A.P. Modelling the continuum of river channel patterns. Earth Surf. Process. Landf. 2013, 38,
1187–1196. [CrossRef]
Pregun, C.Z. Ecohydrological and morphological relationships of a regulated lowland river; based on field
studies and hydrological modeling. Ecol. Eng. 2016, 94, 608–616. [CrossRef]

Water 2020, 12, 563

34.
35.

36.
37.

38.
39.
40.

41.

42.
43.
44.

45.
46.
47.
48.

49.
50.

51.
52.
53.
54.
55.
56.

14 of 16

Ahilan, S.; Guan, M.; Sleigh, A.; Wright, N.; Chang, H. The influence of floodplain restoration on flow and
sediment dynamics in an urban river. J. Flood Risk Manag. 2018, 11, S986–S1001. [CrossRef]
Konsoer, K.M.; Rhoads, B. Analysis of shallow turbulent flows using the Hilbert-Huang transform: A tool
for exploring the characteristics of turbulence and coherent flow structures. Hung. Geogr. Bull. 2018, 67,
343–359. [CrossRef]
Wolfenden, P.J.; Lewin, J. Distribution of metal pollutants in active stream sediments. Catena 1978, 5, 67–78.
[CrossRef]
Lewin, J.; Macklin, M.G. Metal mining and floodplain sedimentation in Britain. In International Geomorphology
1986, Proceedings of the First International Conference on Geomorphology (Part I), Manchester, UK, 15–21 September
1985; Gardiner, V., Ed.; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 1987; pp. 1009–1027. ISBN 978-0471914716.
Bradley, S.; Cox, J. The significance of the floodplain to the cycling of metals in the River Derwent catchment,
UK. Sci. Total Environ. 1990, 97, 441–454. [CrossRef]
Hudson-Edwards, K.A.; Macklin, M.G.; Taylor, M.P. 2000 years of sediment-borne heavy metal storage in the
Yorkshire Ouse basin, NE England, UK. Hydrol. Process. 1999, 13, 1087–1102. [CrossRef]
Foulds, S.A.; Brewer, P.A.; Macklin, M.G.; Haresign, W.; Betson, R.E.; Rassner, S.M.E. Flood-related
contamination in catchments affected by historical metal mining: An unexpected and emerging hazard of
climate change. Sci. Total Environ. 2014, 476–477, 165–180. [CrossRef] [PubMed]
Lewin, J.; Davies, B.E.; Wolfenden, P.J. Interactions between channel change and historic mining sediments.
In River Channel Changes; Gregory, K., Ed.; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 1977; pp. 353–369.
ISBN 0-471-99524-X-77-4342.
Knox, J.C. Historical valley floor sedimentation in the Upper Mississippi Valley. Ann. Assoc. Am. Geogr.
1987, 77, 224–244. [CrossRef]
Lecce, S.A.; Pavlowsky, R.T. Use of mining-contaminated sediment tracers to investigate the timing and rates
of historical flood plain sedimentation. Geomorphology 2001, 38, 85–108. [CrossRef]
Pavlowsky, R.T.; Lecce, S.A.; Owen, M.R.; Martin, D.J. Legacy sediment, lead, and zinc storage in channel
and floodplain deposits of the Big River, Old Lead Belt Mining District, Missouri, USA. Geomorphology 2017,
299, 54–75. [CrossRef]
Martin, C.W. Heavy metal concentrations in floodplain surface soils, Lahn River, Germany. Environ. Geol.
1997, 30, 119–125. [CrossRef]
Miller, J.R. The role of fluvial geomorphic processes in the dispersal of heavy metals from mine sites.
J. Geochem. Explor. 1997, 58, 101–118. [CrossRef]
Szalai, Z. Trace metal pollution and microtopography in a floodplain, the Haros Island (Budapest). Geogr.
Fis. Din. Quat. 1998, 21, 75–78.
Szalai, Z.; Baloghnné Di Gléria, M.; Jakab, G.; Csuták, M.; Bádonyi, K.; Tóth, A. Physical speciation of sediment
associated heavy metals in active floodplains of the Danube and Tisza rivers, Hungary. Födrajzi Értesítő 2005,
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