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Abstract: Over geological time, fauna inhabiting alluvial environment developed numerous traces
of life, called bioturbation structures. However, present literature rarely offers comprehensive and
comparative analyses of recent bioturbation structures between different types of environments.
In this paper, the distribution of recent animal life traces in two different fluvial environments (lowland
and mountain watercourse) was examined. An analysis of a set of vertical cross-sections of river
bank enabled to determine physical and environmental features of the burrows, as well as degree
of bioturbation in individual sections. Most of the burrows were assigned to their tracemakers and
compared between two studied reaches in relation to the geomorphic zones of a stream channel.
A mesocosm was conducted using glass terraria filled with river bank sediment and specimens
of Lumbricus terrestris. The experiment confirmed field observations on the ability of earthworms
to migrate into deep sediment layers along plant roots. The impact of floods on fauna survival
was assessed on the basis of observations of large floods in 2016, 2018 and 2019. The abundance,
distribution and activity of fauna in the sediment are mainly controlled by the occurrence of high and
low flows (droughts and floods), which was particularly visible in lowland river reach.
Keywords: bioturbation structures; neoichnology; recent fluvial sediments; lowland river;
mountain river

1. Introduction
Riverine environment is characterized by large hydrodynamic gradients in a relatively short
time, forcing special adaptations in burrowing animals, which has been recorded in bioturbation
structures [1]. Vertebrate and invertebrate predators produce mainly shelter burrows, and saprofags,
especially earthworms, produce locomotion and feeding structures [2]. Their behavioral (ethological)
classification by Seilacher [3] is domichnia and pascichnia, respectively. Organisms with a larger body
size (mainly mammals) create more complex structures that perform many living functions [4]. Fauna
commonly found in an alluvial environment plays an important role in the distribution of organic
matter and trophic energy in fluvial ecosystems [5].
Quick development of continental invertebrate paleoichnology observed in the last two
decades [2,5–8] is not fully accompanied by neoichnological investigations but see [9–12], mostly because
geologists or paleontologists are not accustomed to working on such interdisciplinary topics. However,
entomological literature contains numerous descriptions of recent and fossil traces produced by soil
insects [13–17]. The existing literature offers analogies between recent and fossil tracemakers [18,19],
but these analogies are mostly based on one type of environment (a specific outcrop, place, river, or rock
layer). Experience shows, however, that the same organisms living in slightly different environments
produce different traces of life activity. Recent bioturbation structures in fine-grained alluvial sediments
of Polish rivers have so far been studied by Mikuś and Uchman [20], but only in terms of ground
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The Dunajec River originates from the conjunction of the Czarny Dunajec and the Biały Dunajec
rivers at 610 m a.s.l. and is a typical Carpathian gravel-bed river with a mean annual discharge
in the study area of 93 m3 ·s−1 and a maximum flood discharge of 4500 m3 ·s−1 . Its total length is
247 km, and the catchment area is 6804 km2 . Most of the river load constitutes fine sediments (<1 mm)
transported in floatation. Gravel (2–80 mm in diameter) is transported and deposited on gravel bars
during medium or large floods. Mean channel slope in the studied reach is 0.06%. Channelization
works carried out within the Sandomierz Basin in the 1950s–1970s considerably narrowed the river
and transformed its multi-thread channel into a single-thread, straight channel [21]. This resulted
in rapid channel incision reaching up to 8 m in the study area. In its lower course, the river flows
through the Sandomierz Basin in the valley composed of a set of recent alluvial terraces. The last
ice-cover period took place between 730,000–430,000 BP and was succeeded by a long-term period of
sedimentation and erosion [22]. Holocene alluvial terraces began to develop about 8000 BP on partially
eroded Pleistocene fluvioglacial terraces formed about 40,000 BP [23]. Holocene alluvial terrace, locally
called “redzina terrace” occurs from 4 to 8 m above the mean water table, incises into Pleistocene
terrace [21] and is surrounded by a set of (mostly dry) oxbow lakes. This terrace is mainly composed
of sand, gravel, silt and mud deposited in channels, bars, oxbow lakes and floodplain settings [22,23].
Its surface is well-drained and is rarely inundated during high-magnitude floods originating from
heavy, long-lasting rainfall or rapid snow melt occurring in late spring–late autumn. The highest flood
peaks registered at Żabno gauging station reach a height of up to 11 m above channel bottom [22].
The recent river channel is deeply incised into the Pleistocene terrace and bounded either by eroded
scarps, or by a low floodplain with extensive gravel bars. Bioturbation structures, which are the focus
of this study, occur in non-vegetated or poorly vegetated, fine- to medium-grained sand (grain size
from 0.05 to 0.6 mm) or muddy sediments (grain size from 0.003 to 0.05 mm). The riparian vegetation,
which grows mostly on recent alluvial soils, is dominated by sedge meadows and riparian forests, the
latter being composed primarily of willows (Salix sp.) and poplars (Populus sp.). The redzina terrace
is partially anthropogenically modified, mostly by agriculture. The area is located in a temperate
suboceanic climate zone, with average annual precipitation of 650 mm, average annual temperature of
8 ◦ C, and average temperature of the coldest (January) and warmest month (July) being −3 ◦ C and
19 ◦ C, respectively.
The Wielki Rogoźnik Stream originates at 910 m a.s.l. from a conjunction of the Cichy Stream and
Raczy Stream (Figure 1B). Flowing through Orawa-Nowy Targ Basin, it ends its course in the Czarny
Dunajec River at an altitude of 601 m a.s.l. Its catchment area is 125 km2 and the channel slope is
0.43%, almost seven times steeper than in the Dunajec River. Mean annual discharge is 1.87 m3 ·s−1
and the maximum recorded discharge was 213 m3 ·s−1 . The stream shows a typical for gravel-bed
mountain streams riffle-and-pool pattern, as well as a tight channel and narrow V-shape valley with
steep slopes [24]. The channel of Wielki Rogoźnik is also incised, but not as deep as the Dunajec
River, with the height of the banks between 1.5 and 3 m above the mean water table. The stream
is unconstrained, which enables free channel migration and the development of a system of active
meanders and paleochannels. Stream energy is considerably high, which is reflected in the sizes of
the transported sediment (most of the bedload consists of gravel with a grain size from 8 to 350 mm;
median: 56 mm). This mountain environment is typically scarce in fine-grained sediments; however,
quite thick (ca. 50 cm) layers of sandy (<2 mm and >0.1 mm) and muddy sediments (<0.05 mm and
>0.002 mm) were deposited along the channel margins during each Holocene flood event. As Polish
mountain rivers transport relatively tiny portions of fine sediments in relation to gravel, these thick
sandy and muddy layers come from many flood events. These layers are often partially eroded during
large floods, so their total thickness is relatively constant. Contrary to the Dunajec River, this area was
not glaciated in the Pleistocene, but its valley floor is made of fluvioglacial sediments washed out
during the melting of Tatra Mountains glaciers. These sediments form raised terraces of different ages,
constituting natural elevations surrounding valley bottom. During the Holocene, brown soils were
developed on these fluvioglacial and fluvial deposits, shaping recent lithography [25]. The riparian
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vegetation is dominated here by alder (Alnus glutinosa and A. incana), Alnetum incanae and willows
(Salix sp.). Exposed gravel bars, covered with a thin layer of sandy and silty deposits, are dominated by
Petasites albus and P. hybridus. Channel banks are mostly covered with meadows and grazed from May
to September. Mean annual precipitation is 950 mm, average annual temperature is 4 ◦ C and average
temperature of the coldest (January) and warmest month (July) is −7 ◦ C and 14 ◦ C, respectively.
3. Materials and Methods
The research subjects were recent bioturbation structures formed in the whole Holocene
fluvial sediments.
The definition of “bioturbation” mainly depends on the specific environment we are currently
studying. In terms of this study, bioturbation is a process of sediment displacement (as a result of
mounding, mixing and burial) caused by vertebrate and invertebrate fauna permanently or temporarily
inhabiting this sediment. Its sediment record was reflected in the occurrence of straight, curved or
U-shaped biogenic structures (in the case of single individuals) and oval, elongated, multi-structural
forms (in the case of colonial organisms).
Both studied environments are characterized by the alternation of erosion and deposition [26],
which means that the thickness of the Holocene sediments does not increase at present. As a proof,
the first observations of the banks of these rivers were made in 2007, and since then, the thickness of
fine-grained alluvia remains almost the same despite many episodes of erosion and deposition.
The most promising location for observations of bioturbation structures was a set of vertical
sections made in steep, eroded channel banks. Eighteen profiles were made in the lower course of
the Dunajec River (Figure 1C), while in the Rogoźnik Stream, 12 profiles were made (Figure 1B).
Five cross-sections were located in the tributaries of the Rogoźnik Stream. The height of the studied
profiles ranged from 0.99 to 4.7 m in the Dunajec River and from 0.88 to 1.75 m in Rogoźnik Stream,
and the width of the field of observation of each profile ranged from 0.8 to 2.0 m. Each of the profiles
started in gravel in-channel sediments, reaching water level. The upper parts represented different
types of sediments, typical for natural levees and crevasses. All vertical profiles were made by using a
shovel to prepare a smooth, vertical wall. Using a centimeter scale, detailed photos (Figure 2) were
taken, and each profile was described bed-by-bed.
Without specific methods of dating, it is not possible to accurately determine the year of
establishment of a given bioturbation structure, uninhabited at the moment of observation. Moreover,
in some profiles, numerous thin layers of each depositional episodes occur, while in others, thick layers
of fluvioglacial fan superimposed by one (up to 1.5 m thick) episode of fine-grained sedimentation.
Luckily, most of these thick layers contained various anthropogenic waste (plastic, bottles, ash, debris)
that gave information about its age with an accuracy of about 10 years.
The studies of recently deposited river bank sediments were supplemented with observations of
oxbow lakes and paleochannels that are different type of environment, where burrows are not often
flooded. For this purpose, seven vertical sections (three in reach 1 and four in reach 2) were made in
these older, but still Holocene sediments. The size, location and density of burrows in a given profile
were described, and most of the recent tracemakers were specified.
Observations of vertical profiles were conducted from April to September in the years 2016–2018.
The characteristics of each studied profile included distinguishing sedimentary facies and visual
definition of the degree of bioturbation within each layer. The burrows were either open or filled
with sediment; the latter visually and structurally differed from the surrounding sediment due to
their different color. As open burrows were better visible immediately after preparation of a given
profile, and those filled with fine sediment became visible after 15–30 min, amendments to the initial
descriptions were often made and photographs were repeated.
Quantification of bioturbation degree in vertical profiles was measured by applying categories
with a unique linear distribution, adapting a visual method similar to that used by Knaust [27].
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Figure 2. Sample photos taken during detailed descriptions of vertical profiles in the studied river
Figure 2.
Sample photos taken during detailed descriptions of vertical profiles in the studied river
sections showing ant colony (A); burrow of Talpa europaea filled with earthworm castings (B); bursections showing ant colony (A); burrow of Talpa europaea filled with earthworm castings (B); burrow of
row of Gryllotalpa gryllotalpa and its branching structure (C,D); burrow with the terminal chamber of
Gryllotalpa
gryllotalpa
and itsprofile
branching
structure
(C,D);
burrow with
chamber
of Carabidae
Carabidae
(E); vertical
of Pleistocene
terrace
superimposed
by the
the terminal
oxbow lake
of the Dunajec
(E); vertical
of Pleistocene terrace superimposed by the oxbow lake of the Dunajec River (F).
Riverprofile
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and 9–1% of bioturbation and no bioturbation structures. These values show the percentage
of bioturbation in the total area of a given layer, visible on a flat surface of vertical section. Burrows
of mammals were not studied inside and their contribution to the total percentage of bioturbation
was calculated using only the area of their entrance to the burrow. Burrows made by flying insects
(Hymenoptera) and ground beetles (Carabidae) were numerous mainly in sections D2, D3, D5, D6 and
D8. Therefore, they were not only included in the degree of bioturbation, but also their density in the
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number of burrows per square meter of the profile surface was assessed. Mole cricket (G. gryllotalpa)
produced a system of branched corridors running along one layer towards the water surface. Its
burrow system was firstly excavated with a spatula and subsequently measured using a tape.
The burrows were “paired” with their tracemakers firstly by searching for live individuals inside
them, and secondly by visually comparing the shape and size of a given structure with its literature
descriptions (mainly those made by Genise [28]). Mean degree of bioturbation was calculated separately
for bioturbated layers, and within the entire studied profile. The first value was expressed as the
sum of the mathematical products of the layers surface area and their visually determined degrees of
bioturbation for each bioturbated layer. The second value was calculated as the product of the surface
areas and the degrees of bioturbation of each layer in a given cross-section.
Another problem was the distinction between visually similar burrows of large earthworms and
smaller beetles. In most cases, burrows of earthworms were oriented parallel to the course of the layers
and their walls were smooth, slippery, often enclosed with feces, or filled with them. On the contrary,
beetle burrows were mostly oriented almost perpendicular to the course of the layers and formed
mainly in sediments that were easy to process—fine-to-coarse grained sand. In the case of burrows
located along the border of two different layers, earthworm corridors ran in silty layer, while beetle
burrows ran in sandy layer, with a silt layer forming a ceiling.
Two major floods occurred during field studies in June 2016 and August 2018. Floods can affect
bioturbation structures either by erosion (common for mountain river environment) or by a temporary
flooding of the burrow without destroying it and by filling the burrow with fine sediment from falling
flood wave. In the case of R. riparia, their burrows are often partially eroded, but are still inhabited.
After the passage of large floods, observations on the rate of fauna recolonization were made during one
month, at three-day intervals in the vicinity of the 10 profiles most abundant in bioturbation structures.
The studies of recently-deposited river bank sediments have been supplemented with observations
of oxbow lakes and paleochannels that are a different type of environment, where burrows are not often
flooded. For this purpose, several ditches were made in these older (but still Holocene) sediments.
The size, location and density of burrows in a given profile were described, and most of the recent
tracemakers were specified. Plant roots were not included in these figures, but were often observed as
earthworm migration routes, and thus, contributed to the increased bioturbation degree inside the
deeper layers.
A mesocosm was performed in order to explain how earthworms migrate into deeply fertile
sediment layers, separated from the top of the profile by a layer of coarser, sharp-edged sediments
where the earthworms do not feed. In the spring of 2015, four equal-sized glass containers were filled
with fine-grained overbank sediments collected from the Dunajec River in four different arrangements,
as shown in Figure 3. The total follow-up period was 20 months. Different substrates used in containers
were reflected in different grain size of the sediment. Mud is defined as a mixture of silt and clay
(with grain size of 0.01 to 0.1 mm) with the addition of organic substances. Fine sand was defined as a
rounded grain, sized >0.63 and <1 mm. Coarse sand was defined as sharp-edged sand with a grain
size >1 mm and <2 mm. Loam was defined as a type of recent soil, developed on silt-sandy alluvia.
Ten specimens of L. terrestris collected from natural river sediment were placed in each container.
Earthworms were of different sizes, which made it possible to observe burrows of different diameters.
The experiment lasted 20 months, and ongoing observations were limited to weekly visual inspection
and photography of container walls. During the first year, earthworms were not fed, but the containers
were supplied with various quantities of water (from 0.2 L per container per month to 1 L per container
per week). In the second year, dead tree roots with a diameter of between 7 and 9 mm were delivered
to the containers in order to observe if the roots can be used by a kind of “bridges,” enabling the
entry of earthworms to lower fertile layers, separated from the higher ones by at least one layer of
coarse, sharp-edged sand. The roots extended from the top to the bottom of sediment and were
oriented either vertically or at an angle of approximately 45 degrees to the bottom of containers. One
wall of all containers was exposed to direct sunlight every day. As this was the only surface where
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The density of bioturbation structures within various geomorphological units of the studied

The density
of bioturbation structures within various geomorphological units of the studied
watercourses was also compared (floodplain, natural levee, channel bar, estuary). This parameter
watercourses was also compared (floodplain, natural levee, channel bar, estuary). This parameter
was evaluated using the same methodology as for profile studies (% of the layer surface covered by
bioturbation or a number of entrances per square meter).
4. Results
4.1. Description of the Studied Burrows
4.1.1. Earthworms
Earthworms produced rounded-shape burrows with a diameter of 7–11 mm which are open for
several months. Older burrows were either cast or filled with very fine sediment mechanically rinsed
by water during floods. The burrows occurred only in very fine sandy, silty or loamy substrate and
often formed a branched network oriented parallel to the layer course and extended across its entire
width. In older Holocene deposits, earthworm bioturbations are visible as a system of horizontal, thin,
dark burrows, sharply demarcated from the surrounding sediment. A characteristic feature common
for both of the studied reaches was their coexistence with burrows of small mammals in sediments of
natural levees.
4.1.2. Small Mammals
The second largest group of bioturbation structures is formed by small mammals, represented in
the study area by the common mole (Talpa europaea) and the bank vole (Myodes glareolus). The mole
burrows are a complex net of horizontal and vertical corridors, reaching the water level through the
layers of sand, silt and fine gravel of any thickness. In the vertical section of the study area, the burrows
were round or oval, with a diameter of 40–70 mm. Smaller, round holes (about 30 mm in diameter)
in the banks marked bank vole burrows. Their burrows were located just beneath the surface grass
roots, between 8 and 25 cm below the top of vertical cross-sections. Three significant features of the
bank vole burrows differentiating them from moles were noticed: (1) horizontal orientation; (2) the
presence of opening of hazelnuts close to the entrance of the burrow; and (3) the lack of molehills in
the proximity of the burrows.
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4.1.3. Ground Beetles
Burrows produced by ground beetles were present almost exclusively either on sandy or muddy
substrata. Their burrows show a characteristic morphology, with a straight or curved shaft and a
horizontal to oblique terminal chamber. In the studied vertical profiles, the burrows were approximately
perpendicular to the plane of the scarp, although rare horizontal orientations were also observed.
The shaft diameter may vary slightly, with some burrows exhibiting a gentle tapering or widening
upward [20]. The shaft ranged in length from 45 to 98 mm in and 6 to 11 mm in diameter.
4.1.4. Hymenoptera
The burrows of the mole cricket (Gryllotalpa gryllotalpa) occurred on the flatter river banks in silty
and muddy substrate reaching the water table. The burrows were 18–28 mm in diameter, of rounded
or slightly elongated shape and had a characteristic “herringbone” texture on the underside, formed
during its digging. In spring, male mole produced a special type of the burrow entrance: a singing
burrow shaped as a double exponential horn with bulb. Flying insects represented by wasps and bees
produce relatively short burrows (a few cm long) consisting of a main tunnel (vertical or inclined)
that ended with a cell for breeding and food provision [27]. In silty sediments near the outlet of both
studied reaches, these burrows were numerous, appearing up to 200 per square meter. Ant colonies
were present in vertical sections made in the vicinity of forest or meadow areas. Their burrows were
characterized by irregular shape, sharp edges and disc-shaped chambers connected to each other by
very thin corridors. The diameter of these structures was between 10 and 32 cm.
4.1.5. Large Mammals
Large mammals are the only group of organisms capable of digging burrows in coarse-grained
sediments (coarse sand, fluvioglacial fan and point bar deposits) in the study area. The burrows of red
fox (Vulpes vulpes) were oval-shaped and their diameter was between 32–45 cm. Their orientation was
generally downwards (at angle 40◦ ). Several broadens occurred inside the burrow, with numerous
side tunnel branches. Their depth ranged from 0.5–2.5 m and extended nearly to the water level [29].
The burrows of common otter (Lutra lutra) have a similar characteristic, size and shape, but their main
entrance is mainly under water table. It then slopes upward to a nest chamber situated above the
high-water level [30]. The Eurasian beaver (Castor fiber) produces burrows similar in size and shape to
the previous species, but occurring throughout the profile height, which are generally inclined at an
angle of between 50 and 80◦ . Moreover, its presence in the sediment is often paired with migration
paths towards the water cut in the uppermost muddy layer. The burrows of large mammals occurred
in the lower part of the cross sections and always remained open. The flood led either to lateral erosion
of the whole burrow or collapse of the ceiling and destruction of the burrow.
4.1.6. Birds
This group was represented by bank swallow (Riparia riparia), typically nesting in small to large
colonies in soft sediments of eroding banks along rivers and streams [31]. Bank swallow occupied
uppermost layers in the studied profiles, built of silt to fine sand (mean grain size from 0.002 to
0.05 mm). The burrows had a rounded shape, 32–51 cm in diameter, 60–145 cm long and finished with
a chamber. Scratch marks were often visible on the inner walls.
4.2. Distribution of Bioturbation Structures in Studied Watercourses
Overall characteristic of each studied vertical profile was illustrated in Table 1. The analysis of
vertical profiles was made in the slopes of alluvial banks that allowed a clear separation of these two
types of environments:
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Table 1. General characteristic of the studied vertical profiles in the lower reach of the Dunajec River and in the Rogoźnik Stream.
Profile
nr

Longitude

D1
D2
D3
D4
D5
D6
D7
D8
D9
D10
D11
D12
D13
D14
D15
D16
D17
D18
R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12

50◦ 140 18.990 ’ N
50◦ 140 10.130 ’ N
50◦ 120 00.630 ’ N
50◦ 100 46.570 ’ N
50◦ 100 19.050 ’ N
50◦ 100 04.940 ’ N
50◦ 070 39.680 ’ N
50◦ 060 35.600 ’ N
50◦ 060 16.970 ’ N
50◦ 050 07.670 ’ N
50◦ 040 17.290 ’ N
50◦ 020 16.050 ’ N
50◦ 000 46.510 ’ N
49◦ 590 14.190 ’ N
49◦ 570 16.460 ’ N
49◦ 570 07.470 ’ N
49◦ 540 57.300 ’ N
49◦ 530 19.260 ’ N
49◦ 270 10.570 ’ N
49◦ 260 56.600 ’ N
49◦ 260 41.610 ’ N
49◦ 260 25.640 ’ N
49◦ 260 26.810 ’ N
49◦ 260 16.200 ’ N
49◦ 250 20.660 ’ N
49◦ 240 54.130 ’ N
49◦ 240 48.700 ’ N
49◦ 240 38.720 ’ N
49◦ 230 02.870 ’ N
49◦ 230 01.830 ’ N

Mean Degree of
Bioturbation [%]

Latitude

Elevation
[m a.s.l.]

Channel
Width [m]

Number of
Bioturb./
Unbioturb.
Layers

In Bioturb.
Layers

In Entire
Profile

Bioturb.
Layers

Unbioturb.
Layers

20◦ 440 ’02.880 ’ E
20◦ 440 05.990 ’ E
20◦ 450 11.510 ’ E
20◦ 470 54.370 ’ E
20◦ 490 15.720 ’ E
20◦ 490 31.490 ’ E
20◦ 520 18.810 ’ E
20◦ 520 13.370 ’ E
20◦ 520 30.040 ’ E
20◦ 530 22.850 ’ E
20◦ 530 50.310 ’ E
20◦ 540 51.610 ’ E
20◦ 530 23.050 ’ E
20◦ 530 26.150 ’ E
20◦ 520 34.690 ’ E
20◦ 490 14.120 ’ E
20◦ 500 04.020 ’ E
20◦ 490 41.940 ’ E
19◦ 590 07.600 ’ E
19◦ 590 22.360 ’ E
19◦ 580 09.530 ’ E
19◦ 560 24.200 ’ E
19◦ 550 41.220 ’ E
19◦ 550 35.360 ’ E
19◦ 540 56.190 ’ E
19◦ 540 00.680 ’ E
19◦ 590 19.770 ’ E
19◦ 570 53.210 ’ E
19◦ 530 24.390 ’ E
19◦ 510 49.810 ’ E

170.3
170.8
171.3
172.5
172.7
172.9
174.8
175.8
176.5
178.2
180.2
183.3
187.7
189.7
192.9
209.5
200.2
203.6
598.0
604.4
605.6
614.2
617.9
619.5
627.7
638.4
645.3
670.4
687.5
680.5

71
120
131
112
102
111
120
153
116
102
122
115
130
109
75
95
117
115
43
35
41
42
31
25
17
15
6
5
4
5

6/2
6/3
5/3
6/3
5/2
6/2
5/3
5/2
4/1
5/2
5/2
3/1
4/1
3/2
4/2
3/1
4/2
3/2
3/2
2/2
2/2
2/2
2/1
1/3
2/2
2/2
1/3
1/2
2/2
1/2

82.2
79.7
74.5
72.1
87.6
79.7
73.3
70.0
74.4
71.2
80.9
77.5
68.4
66.8
89.5
56.6
64.4
61.5
58.4
55.1
67.0
45.2
48.8
60.0
50.0
51.2
50.0
60.0
90.0
50.0

68.1
69.3
63.7
63.3
76.9
68.4
65.4
58.6
61.6
52.4
69.8
39.7
33.8
47.4
71.0
35.7
32.7
35.2
23.9
19.4
26.8
13.3
20.7
11.2
16.4
8.3
9.3
8.0
5.5
7.5

1.88
2.21
3.14
3.55
1.16
3.05
1.83
1.70
2.50
2.45
1.33
1.05
0.83
1.08
0.77
0.70
0.71
0.63
0.61
0.53
0.70
0.44
0.71
0.38
0.35
0.15
0.21
0.16
0.11
0.13

0.39
0.25
0.36
0.35
0.30
0.34
0.22
0.33
0.31
0.52
0.21
1.00
0.85
0.44
0.22
0.41
0.68
0.47
0.88
0.97
1.05
1.05
0.96
1.01
1.16
0.77
0.58
0.71
0.88
0.76

Total Thickness of
Geomorphic Unit of
the Stream
natural levee
natural levee
natural levee
natural levee
oxbow lake
natural levee
oxbow lake
natural levee
natural levee
natural levee
oxbow lake
natural levee
natural levee
natural levee
oxbow lake
natural levee
natural levee
natural levee
natural levee
natural levee
paleochannel
natural levee
paleochannel
natural levee
paleochannel
natural levee
natural levee
natural levee
natural levee
natural levee
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4.2.1. Mountain River Environment
Sediments in the Wielki Rogoźnik Stream reflect a substantially higher physical energetic
environment (steeper channel slope and higher flow energy) controlled by an increased lateral
erosion of the banks, rather than by large fluctuations of the water level. Typical for this environment,
individuals with the largest body size, represented by mammals (besides beavers), most often inhabited
the top part of the banks or paleochannels and lagoon terrace. This is reflected in short-term but very
rapid changes in sediment moisture in the lowermost layers. Vertical silty slopes falling towards the
water table were inhabited in its upper part by insects whose burrows occurred in numbers between 5
and 15 per square meter of the profile area. A characteristic feature of the mountain river sediments
was the large fluctuations in the mean bioturbation degree, from less than 10% in the case of uppermost
profiles dominated by gravel layers separated with a thin layers of sand (profiles R12–R9), to nearly 24%
in the lowermost profile R1. Paleochannels, which were definitely ‘hot-spots’ of fauna concentration
(Figures 4 and 5B), showed a much higher average degree of bioturbation, up to 36% (Table 1). The zone
of open burrows reaches 60–100 cm below the ground surface. Here, the highest concentration of
fauna occurred not in the uppermost part of the studied profiles, but in the fertile mud layer located
across the sediment profile. The most complex bioturbation structures occurred in profiles R1–R8,
where near 50-cm thick layer of fine sediments showed almost complete bioturbation in its uppermost
part (Figure 4). Small mammals and earthworms were responsible for over 90% of the bioturbation
structures in this reach. The relatively poor species composition on the stream banks is affected by the
relative scarcity of bioturbation structures created by insects and birds. However, in the last five years,
beavers have rapidly spread across the Carpathian rivers. During this study period, the number of
beaver burrows in the river bank almost doubled during each year of observation.
4.2.2. Lowland River Environment
As the Dunajec River is deeply incised in its lower reach (up to 5 m)—vertical profiles D1–D4, D6
and D8–10 were substantially higher than others (Figures 5A and 6). Moreover, a complex mosaic
of layers in these profiles enabled to observe the occurrence of many layers with different level of
bioturbation, sometimes separated by coarse-grained, unbioturbed layers. The zone of open burrows
reached from 60 to 150 cm below the top of the profiles, reflecting the water level during the last flood
event. Ground beetles (Coleoptera: Carabidae) were very widespread in fine-grained layers of profiles
D1–D4 and D8–D10.
Both in-channel and overbank deposits in the lower course of the Dunajec River are characterized
by better sediment sorting and median grain size, clearly decreasing towards the mouth. The mean
degree of sediment bioturbation amounted to an average of 35% in profiles located in the uppermost
part of the studied watercourse (profiles D16–D18) to 69% in the lowermost profiles. This reflects a
decreasing flow energy associated with less frequent flooding and less lateral erosion of the banks.
Characteristic features for this type of sediment were the presence of the burrows of the European
mole (T. europaea) filled with casts of the common earthworm (L. terrestris) reaching water level in the
low-flow channel in profiles D3–D14.
The uppermost layers of fertile fine-grained sediments exhibited almost complete (near 100%)
bioturbation in all studied sections. However, burrows of large mammals (common fox Vulpes vulpes,
European beaver (Castor fiber) and the Eurasian otter (L. lutra)) were cumulated in the lower parts
of the profiles, along the border of fluvioglacial fan and natural levee facies. Steep, actively eroded
scarps in profiles D2–D4 and D8–D10 built of silty to fine-sand sediments were typical nesting sites for
bank swallow R. riparia, which appeared in colonies of 15–145 nests per 100 m2 of the streamside bank.
Freshly deposited muddy layers, gently sloping towards the channel in profiles D6 and D12–D14, were
surface-penetrated by mole cricket (G. gryllotalpa) with a highly branched corridor network with a total
length of 3 to 20 m.
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4.2.3. Similarities and Differences in Both Studied Reaches
In a mountain river, fertile layers are often thin (can be thinner than the length of some of adult
tracemakers), which is reflected in the predominant share of horizontally oriented bioturbations in
relation to the course of the layers. On the contrary, a lowland river is dominated by vertical arrangement
of burrows, often having two or three corridors running to the surface, enabling individuals to adapt
their location to the rapid change of water level in the river. The decreasing degree of bioturbation
upstream of each of the studied rivers proves not only an increase in the stream energy, but also a
significant decrease in the amount and thickness of fertile fine-grained sediment layers, as well as a
smaller number of frost-free days upstream.
Beetle burrows are more or less evenly distributed in sandy-silt sediments of natural levee and
crevasse splays. It contrasts with the situation in the mountain river, where almost the entire population
of beetles is concentrated in gravelly ground on strongly inclined surfaces near the water surface.
The density of beetle burrows ranged from 5 per square meter in the banks of Wielki Rogoźnik Stream
to over 100 per square meter in the estuary of the Dunajec. The presence of nesting insects was an
indicator of a sediment not flooded for at least 2 months. Moreover, their large colonies (mainly those
of flying insects) were an indicator of permanently emerged sediments, being the evidence of the
cutting of rivers.
Thick packages of fine-grained sand layers were low to medium bioturbated in both studied
reaches, and the observed increase in the number of burrows during one season was up to 20%.
Muddy layers located at the bottom of profiles (up to 450 cm below the top) were fully penetrated
by both living and dead roots of trees and shrubs, widely branching along muddy layers. Several
living earthworms were noticed in these layers separated by coarse sediments.
The presence of dense, woody and shrub vegetation on the river bank played an important role
in the volume of bioturbation structures, but strong inter-species competition forced by the high
variability of physical habitat conditions caused disappearance of some groups (often flying insects)
and the dominance of two-three species (mainly Carabidae). This was a common feature of both
studied watercourses.
4.3. Burrowing Activity of L. Terrestris During Mesocosm
Physical conditions in the containers varied significantly, which strongly reflected the activity
of earthworms. The largest increase in the number of bioturbation structures occurred in the first
30 days of the experiment and after supplying water or plant roots to the containers. Generally, the
degree of bioturbation in fertile layers increased linearly between months 1 and 12 of observation.
After 5 months, the layer boundaries became very uneven and blurred, especially on the border of very
fertile and less fertile sediments. In the second year of observation, a decrease in earthworm activity
was observed (practically no new burrows appeared) due to a shortage of nutrients in the containers.
In container 1 and 3, the layers that were easy to penetrate and rich in nutrients were placed at
the top and at the bottom and were separated by layers of sharp-edged, coarse sand. During the first
12 months, earthworms did not enter these layers. When dead roots were delivered, the earthworms
passed through a layer of coarse sand and extensive penetrations were observed in the highest and
lowest layers, while the middle, coarse-grained layer was bioturbed only vertically and used as a
“fast-track” between the uppermost and lowermost fertile layers. The supply of dead roots resumed
the formation of new burrows, but only within the fertile layers.
One common process was noticed: filling earlier penetrations in less fertile sediment with
excrements originating from lower or higher located layer. Additionally, mechanical rinsing and filling
of burrows with overlying fine sediment took place in the lowermost layers, while each container was
subjected to delivery of a large amount of water in a short time, simulating a rapid flood. However,
the two types of burrow fillings can be distinguished both in the containers and during fieldworks by
basic sedimentological analysis.
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Humidity was a crucial factor controlling earthworm activity and survivability [32]. With humidity
decreasing in the soil for a long time, the number of earthworms and their activity significantly decreased
or many of them hibernated. In the long-lasting absence of food, this state can last up to several months.
After introducing a large dose of organic matter into the containers in the form of roots, the restoration
of earthworm activity and an increase in their population proceeded very quickly—in two or three
days. Another important factor regulating earthworm population was soil temperature. Exposing any
container to even light frost (−3 ◦ C for 8 h) caused death of the entire population living in it.
4.4. Effects of Water-Level Fluctuations on River Bank Fauna
Three-year observations of changes in the Dunajec and Rogoźnik stream ecosystem indicate that a
large part of the fauna inhabiting the alluvial environment has not developed adaptations to survive
big floods. The dominant strategy of river-bank fauna was quick recolonization. The exceptions were
mammals, which are able to quickly escape from a flooded area (although at the cost of destroying
their burrows), as well as bank swallows (R. riparia), whose burrows have a considerable length and
can be habitable despite the progressive erosion of the river bank.
After a large flood, the river bank was often completely rebuilt, which made it impossible to
recover the population (after the flood from June 2016, Carabidae did not recover their population to
the end of the year). On the other hand, flying insects quickly returned and were pioneer tracemakers,
building a residential burrow shortly after the fresh sediment had dried. However, after another large
and long-lasting flood from August 2018, even flying insects reconstructed only 30% of their burrows
to the end of frost-free period.
The colonization time of freshly deposited sediments by insects was much higher in the mountain
river and averaged 10 days, while in the lower course of the Dunajec River this averaged only
2 days. The sediment was subsequently settled by other insects (15 days in reach A and 5 in reach B);
earthworms (21 days in reach A and 14 in reach B), small mammals (30 days in reach A and 20 in reach
B) and large mammals and birds.
5. Discussion and Conclusions
Studying the activity of modern organisms allows paleontologists and sedimentary geologists to
find answers to questions regarding ancient life from the behavioral and environmental side. In the
sedimentary record, burrows are a major group of trace fossils, but only about 3% of the named burrows
are known to be produced by vertebrates [33]. However, a strict indication of fossil both invertebrate
and vertebrate burrows is often not possible because similar looking burrows may be produced by
both groups. Therefore, neoichnological investigations are crucial for the interpretation of such traces.
Despite enormous advances in biological and environmental sciences, details of animal burrows and
their differences between different environments are still poorly understood [18]. This study improves
this knowledge, showing the differences in the communities of organisms and providing the formation
about their burrows in the environment of the mountain and lowland rivers of temperate regions.
The presented results provide a set of information allowing to infer about physical conditions
(channel type, grain size, intense of flooding) in recently-deposited fine-grained fluvial sediment on the
basis of basic sedimentological analysis coupled with a detailed description of bioturbation structures.
Assessing more detailed features can also be reachable by coupling this sequence of analysis with
some specific chemical properties of the sediment as well as a biological and ecological analysis of
individual taxa. The decreasing degree of bioturbation upstream of each of the studied rivers proves
not only an increase in the stream energy, but also a significant decrease in the amount and thickness
of fertile fine-grained sediment layers, as well as a smaller number of frost-free days upstream.
The effect of tracemaker behavior on resultant burrows can also be investigated through
observations during the production of individual structures. Apart from some advanced novel
techniques of studying burrows presented here (i.e., three-dimensional tomography [34], X-ray
radiography [35]), the mesocosm seems to be one of the most promising and accurate techniques,
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functioning as an eyewitness to the formation of bioturbation structures depending on variable
environmental factors that can be freely controlled.
Actively eroded scarps along the river channel provide safe nesting sites for burrowing bird
species, represented in the study area by R. riparia. These burrows can then, in turn, provide nest
sites for species unable to create burrows themselves, especially in areas where the abundance of safe
nesting holes is a limiting factor [36]. As a result, primary burrowing species create ecosystem services
for secondary species, often modifying these primary burrows, which was also evidenced among large
mammals with the example of otter colonization of abandoned beaver burrows [37].
Differences in the arrangement of burrows within the two studied reaches can be explained
not only by different species composition, but also by the possibility of burrowing in two different
substrates [38]. Thick sets of fine-grained layers in the lowland river show a very rich set of bioturbation
structures and a greater proportion of vertical burrows. Thinner sediment layers in mountain river
favors more mobile species, which do not build extensive systems of burrows in the proximity of the
water table. Observations made by Rosenzweig [39] confirm this dependency. In the studied reaches,
only mammals were able to relatively deeply process altering sand-mud-gravel sediment series.
According to the previous studies [40] the estimated number of earthworm burrows in alluvial
soils of temperate region range from 100 to 800/m2 , which should result in over 90% degree of
bioturbation. Indeed, observations from vertical profiles confirm that fertile silty and muddy sediments
are almost completely processed by earthworms. Other studies [41] reported that most burrows are
located between 30 and 40 cm deep in the fine-grained surface sediment, but this can be applied only
for the majority of the lowland reach with well-developed soils. Sediment maturity in the studied
mountain stream was low to medium, and in most of the profiles, the mean thickness of the soil was
between 10 and 20 cm—consequently, the highest density of bioturbation structures was found in
this thin layer. Moreover, several profiles in the lower reach of the Dunajec River (D4, D5, D6, D8)
had a thickness between 300 and 500 cm, and fertile mud layers were located at a depth of more than
300 cm. In some cases, these layers contained living earthworms, and their degree of bioturbation
was comparable to the surface layers. Since earthworms are not able to migrate that deep through
sharp-edged sediments, it had to do with the presence of dead roots breaking the entire set of layers.
In addition, earthworm burrows provide a kind of “transport channels” facilitating the penetration of
roots into the soil without losing much energy [42]. Observations from the two analyzed river reaches
confirm previous findings [32,43] that water level is regarded as a main factor controlling vertical
migrations of earthworms in alluvial sediments. Vertical migration of earthworms is also related to
living roots, but limited to their growth range [44], which in the case of the studied rivers is rather
limited to the uppermost layers in each profile.
Large floods are the most important life-disturbing factor in river and riverside ecosystems [45]
and can be a cause of large, long-lasting changes in the number and diversity of fauna. Disturbances
caused by floods significantly reduce the density and diversity of fauna in the alluvial environment on
a regional scale [46]. Variations in body size and the position in the alluvial profile [47] determine the
energy of flowing waters and the frequency of flooding by water. Generally, the closer the water table,
the smaller the size of the individuals. The exceptions are mammals, namely, the European beaver
(C. fiber), European otter (Lutra lutra) and European mole (T. europaea), whose dwelling burrows reach
the water level (in the case of otters, the entrance to their corridors was often observed below the water
surface). Most of the burrows of large mammals can survive floods practically untouched, which was
observed in the study area after the passage of two major floods.
On gravel bars, the period of favorable conditions is limited and abruptly interrupted by floods,
and smaller species dominate [48]. Higher in the profile, mainly on flood plains and in oxbow
lakes, the period of availability of resources for organisms is longer and less frequently disturbed,
which contributes to a greater concurrence of individuals of larger sizes (this applies in particular to
Carabidae). The higher in the alluvial profile—the greater the interspecies competition, caused by the
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lower physical energy of the environment and greater possibilities of obtaining food [46], as well as the
establishment of burrows out of the range of low to medium floods (Figure 5).
Studies comparing physical, biological and other aspects in different types of aquatic environments
give an idea of their modern functioning. Their combination with the knowledge known from the
fossil record is a valuable contribution to understanding the adaptations of the entire river ecosystem
to the conditions of variable flow as well as sediment erosion and accumulation. Future directions
focusing on the river environment should be scoped to more comprehensive studies using data from
different altitude zones as well as seasonal rivers, freezing up of rivers and rivers that are highly
affected by human impact. As bioturbation is the main factor of developing recent soils in freshly
deposited alluvial sediments, human interventions to natural, wild river channels substantially disturb
these processes by breaking the continuity of the river corridor and overuse of channel regulation,
which often leads to the cutting of channel from permanent surfacing and drying of the flood plain,
and a lack of freshly deposited alluvia. In some regulated reaches, no alluvial soils develop while
the existing ones are subject to erosion and deterioration of quality [49]. The ideal situation for the
development of alluvial soils is the presence of natural and semi-natural rivers that are “fenced off”
from local buildings by some kind of “erodible corridor,” enabling the river to freely migrate in a given
space. However, in some situations (e.g., drying up of rivers), the development of soils will be difficult,
even in the vicinity of a completely natural channel.
Linking the degree and complexity of sediment bioturbation with geomorphological features
of the channel and historical and current use of the floodplains is a useful tool for studying the
continuity between given river zones and groups of organisms. Despite some limitations coming from
the facts that the sediment layers are not laterally continuous over a large area and that most of the
organisms studied in the vertical profile do not migrate over long distances, certain quantitative and
qualitative patterns can be developed regarding the degree of bioturbation of the sediment and the
tracemakers diversity.
Funding: The study was performed within the scope of the Research Project 2014/13/N/ST10/04902 financed by
the National Science Centre.
Conflicts of Interest: The author declares no conflict of interest.
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