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Abstract: Studies presenting long-term observations
of the recruitment and mobility of large wood in
mountain watercourses are scarce, but they can
considerably contribute to the knowledge of
river/riparian forest interactions and the assessment
of flood hazard resulting from wood mobility during
floods. Widespread dieback of riparian forest along
the headwater course of Kamienica Stream in the
Polish Carpathians, caused by bark beetle infestation
of spruce trees, has raised concerns about potential
increases of large wood recruitment to the stream and
of the flood hazard to downstream valley reaches. In
October 2009, 429 trees growing along three sections
of the stream were tagged with numbered metal plates
and monitored over 10 years to determine the timing
and causes of their delivery to the channel and the
lengths of their displacement during individual flood
events. Moreover, in 2012 the mode of location of
wood deposits and a degree of wood decay were
determined in the second- to fourth-order stream
reaches. The monitoring of tagged trees indicated that
trees were recruited to the channel during high-
intensity meteorological and hydrological events,
mostly as a result of bank erosion during floods or
windthrow. With 22% of tagged trees recruited to the
channel during 10 years, the rate of turnover of the
riparian trees was estimated at 45 years. As the
riparian area is overgrown with trees with ages up to
~160 years, the rate evidences substantial
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intensification of large wood recruitment to the
channel in the recent period. Results of large wood
inventory and the 10-year-long monitoring of tagged
trees indicated variable mobility of large wood along
the upper course of the stream. Wood mobility was
negligible in the second-order stream reach, very
small in the third-order reach, and greater, but still
limited in the fourth-order reach. Wood is
transported longer distances only during major floods.
However, the advanced state of decay of most pieces
leads to their disintegration during floods, precluding
distant transport. Thus, large wood retained in the
upper stream course does not constitute an important
flood hazard to downstream, inhabited valley reaches.

Keywords: Large wood; Wood dynamics; Wood
monitoring; Wood inventory; Wood recruitment;
Polish Carpathians

Introduction

Fallen trees and their fragments are an
important component of fluvial environment, and
their presence in river channels has been recorded
in scientific literature since the 1830s (Lyell 1837).
They are commonly known as large wood, which is
generally defined as wood pieces with a length >1
m and a diameter >0.1 m. The presence of in-
stream wood promotes biodiversity and decreases
flow energy, but can also generate flood hazard

1281



J. Mt. Sci. (2020) 17(6): 1281-1293

because of the ability of wood to accumulate at
bridges, culverts and weirs. Logs spanning a
channel influence fluvial processes by forming
dams and steps that facilitate dissipation of flow
energy, reduce sediment transport and increase
channel stability (Gurnell et al. 2002). Such
channel forms may be very stable, depending on
wood dimensions and hydrological regime. As large
wood plays also a beneficial role for aquatic
organisms and sustaining their habitats,
reintroduction of wood in channels is one of the
methods of stream restoration (Kail et al. 2007).
Recent studies also documented significant
geomorphic functions of wood pieces smaller than
the standard large wood (with a length >0.5 m and
a diameter >0.1 m, or a length >1 m and a diameter
>0.05 m), that can be very abundant in Carpathian
headwater streams (Galia et al. 2018a).

Large wood can be recruited to channels as a
result of a range of factors (Keller and Swanson
1979; Ruiz-Villanueva et al. 2014) depending on
the nature of the riverside area. These include
episodic events such as bank erosion, strong wind,
snow overload, snow avalanches, ice storms or
forest fire (Benda and Sias 2003). Chronic tree
mortality caused by insect activity considerably
increases the effects of the above processes.
Hillslopes can also be a potential area of wood
delivery by mass movement processes, such as
landslides and debris flows that typically occur at
the same time as floods (Ruiz-Villanueva et al.
2014). Finally, forestry practices such as harvesting
of trees and storing cut logs on channel banks may
contribute to the delivery of wood to channels in
case of bank erosion (Krej¢i and Macka 2012).
Among these recruitment mechanisms, relatively
little is known about the effects of mass tree
mortality caused by either tree diseases or
catastrophic windstorms (Wohl 2017). In-channel
wood can be entrained as a result of increasing
discharge and transported downstream. However,
its mobility depends on the ratio of log diameter to
flow depth, conditioning wood flotation, and the
ratio of log length to channel width determining
the ability of logs to anchor on the channel banks
(Montgomery et al. 2003). This mobility is thus low
in headwater streams, which convey small flood
discharges and have relatively narrow channels
(Gurnell et al. 2002).

Wohl (2017) indicated that most large wood
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studies record wood loads existing and recruitment
mechanisms operating in a brief moment in time.
Quantifying wood delivery and mobility in small
mountain streams requires long-term and
repeatable observations, so far very scarcely
described (Lienkaemper and Swanson 1987;
Faustini and Jones 2003; Wohl and Goode 2008).
In the last years a number of new methods were
developed, such as video-monitoring (MacVicar
and Piégay 2012), time-lapse photography (Kramer
and Wohl 2014), aerial imagery with LiDAR
(Queiros et al. 2018), tracking with radio
transmitters (Wyzga et al. 2017) and even
analysing data available on the Internet (Ruiz-
Villanueva et al. 2018). Not only can the
monitoring of wood supply and mobility improve
the scientific knowledge of these processes, but it
also can be a practical tool for the assessment of
flood hazard generated by floated wood for
urbanized downstream reaches of the stream valley
(Mikus$ et al. 2016). Recently, observations using a
number of remote sensing methods have gained
popularity. However, classical methods of
fieldwork still seem to be indispensable in more
detailed studies. Such observations have been
conducted in the upper course of Kamienica
Stream, Polish Western Carpathians, where a
relatively deep mountain valley and a thick canopy
of riparian trees significantly limit the use of
modern technology. This part of the stream course
is located in a national park and large wood is left
in the stream under the national park regulations.
However, in the late 2000s a bark beetle
infestation began in the valley, progressively
infecting spruce stands in the riparian area and on
the valley slopes over a few next years. This
infestation has resulted there in a widespread
dieback of riparian forest and a question arises as
to whether the increased delivery of fallen trees to
the channel can considerably augment flood hazard
to downstream, inhabited reaches of the valley.

This study aims: (i) to determine the rates and
the main factors of wood recruitment to the
investigated mountain stream, (ii) to determine the
dynamics of large wood in the stream based on the
long-term monitoring of tagged trees and the
inventory of in-channel wood, and (iii) to infer
about the flood hazard to downstream reaches
caused by the large wood retained in the stream
segment within the national park.



1 Field setting

Kamienica Stream originates in the Outer
Western Carpathians, with the highest peak in its
catchment (Turbacz) at 1311 m a.s.l. (Figure 1a).
The stream drains an area of 128 km2 and ends its
34-km-long course flowing into the Dunajec River.
The studied stream segment starts 0.4 km from the
stream source at an elevation of 1195 m a.s.l. and ends
9.1 km from the source at 782 m a.s.l. (Figure 1b).
The segment encompasses second-order and third-
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Figure 1 (a) Location of Kamienica Stream in relation
to physiogeographic regions of southern Poland. (b)
Drainage network of upper Kamienica and detailed
setting of research. 1 — study segment of the stream; 2 —
second-order reach; 3 — third-order reach; 4 — fourth-
order reach; 5 — boundary of Kamienica catchment; 6 —
stream sections with tagged trees; 7 — mountain
summits; 8 — precipitation stations; 9 — water-gauge
station.
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order channel reaches located at a distance of 0.4—
2.3 km and 2.3—3.65 km from the stream source,
respectively, and a part of a fourth-order reach
between 3.65 and 9.1 km from the source (Figures
1b, 2, Table 1). The segment ends at the boundary
of a strict nature reserve in the national park. The
catchment area increases from 0.1 km2 at the
beginning of the study segment of the stream to
14.9 kmz2 at its end (Figure 1b). A part of the stream
course between 4.9 and 6.7 km from the source was
excluded from observations because of difficult
access (Figure 2), but it exhibits similar
characteristics as the adjacent parts of the fourth-
order stream reach.
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Figure 2 Location of the second-, third-, and fourth-
order stream reaches with wood inventory performed in
2012, and of stream sections (A, B and C) with
conducted monitoring of tagged trees shown on the
longitudinal profile of the study segment of Kamienica
Stream.

Channel slope decreases from 0.13 m m-! in
the uppermost part of the study segment to 0.035
m m-! in its lowest part (Figure 2). Mean channel
slope in the second-, third- and fourth-order
stream reaches equals 0.086, 0.036 and 0.055 m
m-! (Table 1). Because of considerable variation in
catchment altitude, annual precipitation ranges
from 800 mm near the stream mouth to the
Dunajec River to more than 1200 mm in the
highest parts of the catchment (NiedzwiedZz and
Obrebska-Starklowa 1991). Most precipitation falls
between May and September. The coarse-grained
(boulder to pebble) nature of the bed material in
the study segment conditions its entrainment by
flood flows of relatively high magnitudes;
consequently, changes in the morphological
pattern of the stream channel occur during floods
caused either by a few days-long, moderate-
intensity rainfall with the total sum of precipitation
of a few hundred millimetres or by high-intensity,
short-lasting convective rain (Wyzga et al. 2016).
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Table 1 Morphometric characteristics of the study units of Kamienica Stream and number of tagged trees in sections

A-C

Study unit Length Distance from the Elevation range Mean channel Mean channel Number of
(m) stream source (km) (m a.s.l.) width (m) slope (m m?) tagged trees

Second-order reach 1900  0.40-2.30 1195-1031 5.80 0.086

Third-order reach 1350 2.30-3.65 1031-983 7.70 0.036

Fourth-order reach 3650 3.65—9.10 983—782 11.00 0.055

Section A 450 2.50—2.95 1010—993 8.30 0.038 148

Section B 450 4.00—4.45 957—948 9.70 0.020 140

Section C 450 7.85—-8.30 809-794 13.20 0.033 141

The stream banks are overgrown with
subalpine forest dominated by spruce (Picea abies)
in the upper part of the study segment and by
spruce, beech (Fagus sylvatica) and fir (Abies alba)
in its lower part. The height of riparian trees varies
between 17 and 31 m, with the average of 24 m
(Wyzga et al. 2015). According to the classification
of stream size by Gurnell et al. (2002), Kamienica
is a stream of small width in its second-order reach,
and of medium width in the third- and fourth-
order reaches.

Since 1980, this area has been almost free of
direct human impact due to the establishment of
the Gorce Mountains National Park. This fact
enabled us to study the recruitment and mobility of
large wood under relatively natural conditions. In
recent years, bark beetle (Ips typographus)
infestation caused extensive dieback of spruce trees
in the riparian forest and greatly increased the
delivery of wood to the stream channel.

In the upper part of the study segment
(second-order reach), the stream has a step-pool
channel pattern with numerous bedrock steps and
wood dams. Farther downstream (third- and
fourth-order reaches), it has a riffle-and-pool
pattern in the parts of the valley with flat-bottomed
morphology and a step-pool pattern in V-shaped
parts of the valley. The valley slopes are underlain
by flysch rocks that are susceptible to fluvial
erosion and mass movements. Since spring 2010 a
middle part of the study segment with the flat-
bottom morphology and the most gentle channel
slope (Figure 2, Table 1) has been inhabited by
European beaver, Castor fiber, that seems to exert
a significant impact on the riparian forest.

2 Methods

2.1 Stream study units

The study was carried out in two types of
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longitudinal stream units. The degree of decay and
the location of large wood were investigated in
autumn 2012 in the entire study segment of
Kamienica and results of this survey were
compared between the second-, third- and fourth-
order stream reaches (Figures 1b, 2). A 10-year-
long monitoring of the recruitment of tagged
riparian trees to the stream was conducted in three
stream sections 450 m in length, with section A
located within the third-order reach and sections B
and C within the fourth-order reach (Figures 1b, 2).

2.2 Monitoring of the recruitment and
mobility of tagged riparian trees

A methodology for investigating the rates of
supply and mobility of large wood should be
adjusted to stream size and expected distance of
wood transport. In the case of Kamienica Stream
with average channel width <10 m, searching for
displaced wood did not require the use of
sophisticated methods. In October 2009,
numbered metal plates were installed on 429 trees
growing along three stream sections within the
national park (Figures 1b, 2). Principal
morphometric characteristics of these sections are
presented in Table 1. Different metals were used in
each section: aluminium in section A located
between 2500—2950 m from the stream source,
copper in section B (4000—4450 m) and steel in
section C (7850—8300 m). This was intended to
allow for finding tagged trees with a metal detector
in case the plates on them are inaccessible and for
identification of the section from which found trees
derive in case of their long-distance displacement.
Each tagged tree was healthy and had at least 10
cm diameter at breast height. Their position was
recorded with a Trimble GeoXT GPS receiver with
0.5 m precision. We tagged trees growing closest to
the channel on the floodplain or the valley side—
their distance from the channel margin ranged



from 0 to 12 m. In section B, the tagged sample
consisted almost exclusively of spruce (98%) with
accessory proportions of goat willow (Salix caprea)
and sycamore (Acer pseudoplatanus). In the
uppermost section A, the species composition of
the tagged sample was dominated by spruce (86%)
with the admixtures of beech, fir and sycamore. In
the lowest section C, spruce composed the majority
of the sample (59%) with secondary proportions of
beech (27%) and fir (10%) and accessory
proportion of sycamore (Table 2). We did not
tagged trees growing along the first- and second-
order stream reaches because small stream
discharges result there in low probability of
transporting trees fallen to the channel (Gurnell
et al. 2002).

The monitoring of standing and fallen trees
tagged with metal plates has been conducted a few
times per year, especially after heavy rainfall and
windstorms. Time, location and recognized cause
of tree delivery to the stream as well as the length
of its displacement have been recorded. As
Kamienica Stream has no water-gauge station,
information about possible occurrence of high
water stages has been obtained from traces of high
flow apparent on stream banks during monitoring
and records at gauging stations on nearby streams.
Particularly useful were records of the Mszana
Dolna water-gauge station on Mszanka Stream that
drains a catchment adjacent to that of Kamienica
Stream (Figure 1a). However, as this station
characterizes the catchment with an area of 166
kmz2—11 times larger than that of Kamienica Stream
at the end of the study segment—these records could
only provide information about a relative scale of
flood waves on Kamienica. In order to determine the
amount of precipitation during heavy rainstorms,
averaged data from the Turbacz and Ochotnica
Goérna precipitation stations (Figure 1a) were used.

2.3 Inventory of the location and the degree
of decay of large wood in the study
segment

In autumn 2012 an inventory of large wood in
the 8.7-km-long study segment of Kamienica
Stream (Figures 1b, 2) was carried out. Results of
this inventory concerning the longitudinal
distribution of wood in the study segment were
described by Wyzga et al. (2015), and Miku$ et al.
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(2016) compared orientation of wood pieces
between the second- and the fourth-order stream
reaches. The present study considers those
characteristics of wood deposits, which are
particularly informative about wood dynamics, i.e.
the mode of location in the stream and the degree
of wood decay. During the inventory, each wood
deposit (individual piece or log jam) was assigned
to one of six modes of wood location in the stream:
(i) resting on channel margin, (ii) on channel bar,
or (iii) in low-flow channel, (iv) with tree top or
bottom in the channel, (v) forming partial,
complete or active dam, and (vi) spanning the
channel. A degree of decay of all wood pieces
stored in the study reach was classified into one of
the four categories (1 — fresh, bark adheres tightly;
2 —loose bark; 3 — no bark, wood hard; 4 — no bark,
wood soft) defined by Lienkaemper and Swanson

(1987).

3 Results

3.1 General pattern of the delivery and
displacement of tagged trees

During ten years of observations, 96 trees
(22.4% of the tagged sample) were supplied to the
stream as a result of bank erosion, windthrow of
living trees or those killed by bark beetle
infestation, snow overload and landslides (Figure
3). In October 2009, at the very beginning of the
observation period, 80 cm of wet snow fell in two
days and snow overload caused breaking of two
tagged trees. Five events with high water stage
occurred in May 2010, May 2014, July 2016, July
2018 and May 2019 (Table 3). The rainfall causing
these floods was typified by considerable spatial
variation, which hindered drawing firm
conclusions about the relative scale of these events
on the basis of precipitation and discharge data
from the nearby rain- and water-gauge stations
(Table 3). However, as the floods from 2016 and
2018 caused significant channel changes and
damage to the infrastructure in the Kamienica
valley, both in the national park and outside its
boundary, they can be considered as major floods
on the stream. The relatively small size of
Kamienica Stream facilitated searching for trees
displaced by floods. However, about half of trees
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Table 2 Species composition of the riparian trees
tagged with metal plates in study section A (upper), B
(middle) and C (lower)

Species Section A Section B Section C

Picea abies 78.4% 98.6% 59.6%
Fagus sylvatica 14.8% - 27.0%
Abies alba 1.4% 0.7% 9.9%
Acer pseudoplatanus 5.4% - 3.5%
Salix caprea - 0.7% -

2%
1%

Bl N2 O3 B4 Os

Figure 3 Percentage of tagged trees recruited to
Kamienica Stream between 2009 and 2019 as a result
of: (1) bank erosion, (2) windthrow of living trees, (3)
tree dieback followed by windthrow, (4) overloading
with snow, (5) landslide.

supplied to the channel were not transported, and
numerous wood dams occurring in the stream
limited transport of any fallen trees. Out of 96
supplied trees, 46 (48%) were transported during
some of these five floods and of this number, only 5
trees were displaced during two events. The range
and mean values of the length of displacement of
the tagged trees recruited to the stream in given
sections are presented in Figure 4. In sections A
and B, the lengths of the displacement of tagged
trees over the study period were small, ranging
from 2 to 36 m (mean = 16 m) in the former and
from 6 to 32 m (mean = 19 m) in the latter (Figure 4).
In section C they were considerably longer, ranging
from 3 to 1003 m and amounting to 252 m on
average (Figure 4).

As a result of the flood in 2010, three trees
were displaced relatively short distances in section
C (mean = 42 m, maximum = 100 m) and retained

in in-channel jams. A definitely larger flood from
2014 was marked only in the lowermost section C,
where the wood already occurring in the channel
was crushed into smaller pieces and flushed out
downstream. The flood of July 2016 was the only
major flood in all study sections; during this event
12 trees were displaced, with the mean and
maximum lengths of displacement equal 97 m and
320 m, respectively (Figure 4). In July 2018, a
major flood caused by heavy rainfall resulted in
considerable bank erosion in the lowest study
section. During this event, 41 trees from this
section were recruited to the channel and 40 of
them were transported (mean displacement = 275
m, maximum = 1003 m). In section B two
previously recruited trees were displaced a mean
distance of 32 m, whereas no one tree was
delivered to the stream or displaced in section A.
The course of this flood thus showed a strongly
localised occurrence of the triggering rainfall. A
small flood in May 2019 did not displace any
tagged trees occurring in the stream.

3.2 Delivery and displacement of tagged
trees in section A

During the study period 21 trees were recruited
to the channel in section A, with 12 of them
delivered as a result of windthrow, 7 by bank
erosion, and 2 because of snow overload. Only in
this section, riparian trees were recruited to the
channel as a result of overloading with snow.
Interestingly, here bark beetle infestation did not
influence the supply of trees to the channel despite
the largest proportion of infested spruce forest
along this section. Despite a greater exposure of
trees to wind in comparison to the other study
sections, trees growing along the banks are strongly
attached to the ground and do not easily fall down
as their roots are rarely undermined by water.
Small stream width causes that fallen riverside
trees span the channel without significantly
affecting fluvial processes (Figure 5A). However, if
their branches reach to the channel bed (Figure 5A),

Table 3 Three-day and the largest one-day precipitation at the Turbacz and Ochotnica Gérna stations and the
maximum discharge of Mszanka Stream at the Mszana Dolna water-gauge station as indirect information about the
five largest flood events on Kamienica Stream during the 2009—2019 monitoring period

Flood

Precipitation at the Turbacz station (mm)
Precipitation at the Ochotnica Gérna station (mm)
Maximum discharge at the Mszana Dolna station (m3 s?)
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May 2010 May 2014 July 2016 July 2018 May 2019

155(91)  4(2) 115(56) 180(95) 67(29)
81(41) 78(54)  76(39) 132(101) 117(68)
205 170 106 312 135



Flood of May 2010

Flood of July 2016
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Flood of July 2018
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Figure 4 Range and mean length of the displacement during three flood events of tagged trees fallen to the study
sections of Kamienica Stream. n denotes the number of tagged trees displaced during a given flood.

S AR %

Figure 5 Examples of monitored tagged trees in Kamienica Stream. (A) Fallen spruce tree spanning the channel of
Kamienica Stream in section A. The tree was tagged with a numbered aluminium plate (indicated by a white arrow)
when growing close to the channel bank. Note tree branches reaching to the channel bed. (B) Dieback of a spruce tree
caused by roots waterlogging after the avulsion of a low-flow channel to riparian forest in section A. (C) Three beech
trees overturned to the stream by wind in 2010 have continued to span the channel in section C until now. Small logs
deposited on the fallen trees by the flood of 2014 indicate a near-bankfull maximum water stage attained by this flood.

they can trap smaller transported wood pieces,
which promotes the formation of wood dams and
gravel bars upstream of these obstacles.

In the lower part of the section, the stream
flowing along the bedrock—alluvial valley slope is
fed with boulders and rock blocks, and in the

recent past a significant wood supply took place
there. During spring 2014, bed aggradation
upstream of wood dams located in the lower part of
the section caused partial flow avulsion to the
riverside forest, where narrow low-flow channels
with the slope steeper than that of the main
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channel were formed and showed a tendency
towards bed erosion. Living trees suddenly
surrounded by water continued to bind alluvium by
roots, hence preventing lateral erosion, but
waterlogging of roots caused the trees to die
quickly, increasing the likelihood of their falling

down to the channel during next floods (Figure 5B).

The recruitment of trees to the channel was most
dynamic in 2016 as a result of the occurrence of a
large flood that was responsible for the delivery of
more than half of all trees recruited to this section
during 10 years of monitoring.

During the study period mean displacement of
the tagged trees delivered to section A equalled 16
m and the maximum one 36 m. These short
transport distances reflected relatively small flood
discharges occurring in this section (located in the
third-order stream reach) and channel width
smaller than the height of riparian trees,
facilitating anchoring of fallen trees on both
channel banks.

3.3 Delivery and displacement of tagged
trees in section B

In this section, 16 trees (all spruce) were
delivered to the channel during 10 years of
monitoring (10 as a result of windthrow, 5 by bank
erosion, and 1 by landslide). In the lower part of the
section, a few windbreaks of the spruce trees
infected by bark beetle occurred. This type of wood
recruitment is characterised by trees broken at less
than 1/3 of their height, with roots still firmly
attached to the ground; the broken trees can stand
in this position for at least a few years, creating a
characteristic landscape of decaying forest.

We also tagged with metal plates 19 trees
growing along the margins of an island located in
the lower part of the section. At the beginning of
the monitoring period, the left bank of this island
was adjacent to a dry channel, while the right one
to a low-flow channel. Although windthrow of trees
infested by bark beetle was a dominant factor of
wood recruitment to the channel in the whole
section, lateral erosion along the right island bank
resulted in undermining and falling to the channel
of 5 healthy trees. Since 2016, new wood dams
formed by these trees have caused the
accumulation of gravel and damming of water,
leading to the reactivation of flow in the hitherto
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dry channel on the left island side. Currently this
reactivated channel conveys most of stream flow.

In spring 2012, beavers built a 0.8-m-high
dam in the upper part of the section, and the
dammed water permanently inundated the
adjacent, low-lying floodplain. The trees standing
in the water died in a few months and fell to the
channel, forming complete and active wood dams.
The beaver dam was repeatedly damaged by floods
and rebuilt just after each flood.

Similar to section A, the transport of fallen
tagged trees during floods was very limited, with
their mean displacement over the study period
amounting to 19 m and the maximum one to 32 m.
Even though the catchment area was here larger
than in the highest section, gentler channel slope
and greater channel width in this section effectively
prevented the entrainment and transport of logs
during flood events.

3.4 Delivery and displacement of tagged
trees in section C

The riparian forest in this section supports the
largest trees and is composed of spruce, beech and
fir. In this section, 58 trees fell to the channel
during the study period as a result of bank erosion
(42 trees) and windthrow (16 trees), and their
supply was limited to two meteorological and
hydrological events. Heavy wind immediately
preceding the flood of May 2010 broke 13 spruce
trees infected by bark beetle and overturned 3
beeches growing on the channel bank undermined
by lateral erosion (Figure 5C).

Shortly afterwards, bank erosion during the
flood resulted in falling down of 1 tree. A large
flood in the summer of 2018 strongly eroded
channel banks, delivering 41 trees to the stream. Of
this number, we failed to find 6 tagged trees that
either had their metal plates buried by sediments
and wood accumulations or were transported
outside the national park (i.e. the distance of at
least 2.7 km).

Trees growing along the channel banks in this
section are less exposed to wind than in both
upstream sections because the stream flows here in
a narrow and deep, V-shaped valley. Despite this,
wind was an efficient factor of tree delivery to the
channel, working together with stream erosion that
prepared trees for felling by undermining their



roots along channel margins. A small flood in 2014
resulted in rapid channel incision (up to 1.2 m) in
the lower part of the section; this steepened
channel margins, making them more susceptible to
lateral erosion. Exposing roots of trees growing
along channel margins together with the lowering
of water surface in the stream after channel
incision caused dieback of many riparian trees, that
facilitated subsequent erosion of the banks and
abundant tree delivery to the channel during the
large flood of 2018.

This study section was typified by the largest
number of trees recruited to the channel as a result
of lateral erosion and by considerably greater mean
(252 m) and maximum (1003 m) lengths of the
displacement of tagged trees over the study period
than the two upstream sections.

3.5 Location and the degree of decay of
wood deposits in stream reaches of
different order

Particular stream reaches differed in the
predominant types of wood location in relation to
the channel (Figure 6). As trees in the riparian
forest grow at various distances from the channel
and most of them are taller than channel width,
this results in variable configuration of the end of
logs in relation to the channel.

In the second-order reach, wood was relatively
uniformly distributed among different location
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in given location types in the second-, third-, and
fourth-order reaches of Kamienica Stream.
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types, with logs with their top or bottom located in
the channel being the most abundant (21% of all
wood pieces). This reach was typified by the largest
proportion of logs forming wood dams (12%) and
spanning the channel (10%) among the study
reaches (Figure 6), which can be attributed to the
relatively large length of wood pieces in relation to
channel width. All this indicates a negligible role of
transport and redistribution of wood, which was
predominantly retained where it fell.

The pattern of wood location in the third-order
reach was similar to that recorded in the second-
order reach. It was distinguished by only one
feature: a small amount of wood spanning the
channel (Figure 6). Moreover, in the lowest part of
this reach, the national park service harvested a
few died spruce trees standing along a touristic
trail and cut them into several small fragments that
were stored on a stream bank. These wood pieces
of anthropogenic origin will be more susceptible to
fluvial transport than most naturally derived large
wood, once they are recruited to the stream with
the erosion of the channel bank.

In the fourth-order reach, large wood spanning
the channel was very scarce because of larger
stream width and considerably larger flood
discharges. Here, large wood was predominantly
retained along channel margins (41%), on gravel
bars (19%), and with only the top or bottom located
in the channel (17%) (Figure 6). Most of wood
pieces were shorter than channel width, as they
originated from the breakage of trees into smaller
fragments during their fall to the channel or
transport by flood flows.

In the second-order reach of Kamienica, 16%
of wood pieces were in a relatively good condition,
representing class 1 and 2 of wood decay, whereas a
more advanced degree of decomposition, typical of
class 3 and 4, typified 84% of pieces. In the third-
order stream reach, this distribution was more
even, with 41% of pieces representing class 1 and 2
of wood decay, and 59% class 3 and 4. In the
fourth-order reach, classes 1 and 2 constituted 31%
of all wood pieces, and 69% had typical features of
classes 3 and 4 (Figure 7).

4 Discussion

The use of metal plates to tag trees growing
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along Kamienica Stream, combined with the
repetitive monitoring of these trees over 10 years,
provided valuable information about large wood
dynamics in the studied mountain stream. This
methodological approach allowed us to identify
mechanisms and approximate dates of tree
recruitment to the channel and to determine the
lengths of displacement of fallen trees during
individual floods. The cost of tagging trees with
metal plates was low—about two orders of
magnitude lower than the cost of tracking wood
transport with radio transmitters in another Polish
Carpathian watercourse (Mikus et al. 2016) — and
a relatively small amount of time was needed to
conduct the monitoring of tagged trees. These
advantages of the method allowed us to tag and
monitor over 400 trees on a total stream length of
1.35 km. Moreover, metal plates can function as
tags for a long time (particularly in comparison to
radio transmitters) and are characterized by
relatively high efficiency of indicating the location
of fallen and displaced trees in a mountain stream.
During 10 years of monitoring, we lost only 6 trees,
ie. 1.4% of the tagged sample and 6.2% of the
tagged trees fallen to the channel. In a few cases,
the use of a metal detector was necessary to find
trees with invisible or inaccessible plates. The
plates were attached to trees with either 5-cm-long
screws (aluminium plates) or 8-cm-long nails (steel

1290

and copper plates) and they remain firmly attached
to logs even after a few years of their residence in
the channel. This means that with the rate of wood
decay typical of the moderately cool climate of the
Kamienica valley, the threat of plate disconnection
from logs is rather low within the time frame of the
monitoring period, unless a log is broken just
where the plate was attached.

Although bark beetle infestation was not a
direct reason for the delivery of spruce trees to the
channel, these trees were weakened by beetles,
which made them very susceptible to breakage by
wind. This type of wood recruitment was typical of
the riparian forest with a predominant proportion
of spruce, as it is in section B. Dead trees falling
perpendicular to the channel often break into
several smaller pieces. Such pieces were easily
transported by the following flood a distance of
several tens of metres and were deposited on larger,
more stable wood dams or jams. As these wood
accumulations may be destroyed by a major flood,
this creates a problem with further monitoring of the
log fragments, of which only one is tagged with a
metal plate.

After 7 years of the monitoring of large wood
delivery to Kamienica Stream, the turnover period
of riparian trees was estimated at 80 years,
provided that a similar rate of their delivery
persists over a long time (Mikus et al. 2016). As the
riparian area supports trees with ages up to ~160
years, the estimate of the twice shorter turnover
period was interpreted as reflecting increased tree
delivery to the stream as a result of bark beetle
infestation, which must have accelerated the
turnover of the riparian forest (Mikus et al. 2016).
After extension of the monitoring by 3 years, the
turnover period of riparian trees can be estimated
at 45 years, as 22% of tagged trees were recruited
to the channel during 10 years. This further
increase in the rate of turnover of riparian trees
was an effect of the occurrence of the large flood of
2018 that recruited to the stream about 10% of all
tagged trees. A combined effect of the operation of
both factors accelerating the turnover of riparian
trees in the Kamienica valley will be rejuvenation of
the riparian forest growing along the stream banks,
with a further effect on the dimensions of trees
recruited to the channel in the future.

Previous experiments using metal or plastic
plates attached to logs or whole trees already



resting in the channel or active river zone mostly
aimed to determine the distance of transport and
the pattern of deposition of large wood (e.g. Haga
et al. 2002; Warren and Kraft 2008; Schenk et al.
2014). Similar studies with tagged trees growing
along river banks have been conducted very rarely
and in slightly different conditions, which makes
comparison  with  their results difficult.
Observations in large rivers (e.g. Piégay et al. 1999;
Lassettre et al. 2008; Warren et al. 2009) indicated
that the dominant process of wood supply is bank
erosion during floods. In small mountain streams
such as Kamienica in its upper course, the set of
processes responsible for wood recruitment to their
channels is wider, which is consistent with earlier
observations from the Pacific Northwest, USA
(Keller and Swanson 1979; McDade et al. 1990;
Van Sickle and Gregory 1990).

Despite its advantages, the method used in
this study for monitoring the recruitment and
transport of large wood has also some limitations.
Precise identification of the time of tree delivery to
channel requires systematic monitoring after each
high-intensity, meteorological or hydrological
event. If more than one flood occurred between
successive visits of the observer to the stream, it
would only be possible to determine the total
distance travelled by wood, without its division into
individual flood events. Moreover, the effectiveness
of this method in tracking a long-distance
displacement of tagged trees is limited. Finding
trees that were transported far beyond the study
section may be time-consuming and not fully
successful despite the use of a metal detector, as
evidenced by our failure to find 6 trees displaced by
the 2018 flood. In particular, trees transported
outside the boundary of the national park may be
extracted from the channel by local farmers for
firewood, which considerably limits the time for
their effective search after a flood.

A number of observations indicate negligible
mobility of the large wood retained in the second-
order reach of Kamienica Stream: a considerable
proportion of logs spanning the channel or forming
wood dams, the predominance of perpendicular or
near-perpendicular orientation of wood pieces
(Mikus et al. 2016), and the predominance of wood
in an advanced state of decay (classes 3 and 4).
Notably, a considerable proportion of relatively
fresh wood recorded in the stream immediately
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after a large flood in 1997 (Kaczka 1999) decreased
markedly in favour of wood in the advanced state
of decay until the inventory in 2012 (Kundzewicz
et al. 2017), reflecting the fact that wood pieces
delivered to the channel by bank erosion and
landslides activated by this flood subsequently
have remained in situ and have been subjected to
progressive decomposition. This negligible wood
mobility can be attributed to small flood discharges
occurring in the headwater part of the stream,
unable to cause the submergence and flotation of
wood pieces, and to small channel width
facilitating anchoring of fallen trees on both
channel banks (cf. Gurnell et al. 2002). In such
headwater stream reaches, debris flows are the
only phenomena effectively mobilizing large wood
(May and Gresswell 2003; Galia et al. 2018b) due to
the high density of the moving fluid, but they are very
rare in the flysch part of the Polish Carpathians.

The monitoring of tagged trees indicated very
small mobility of trees fallen to the channel in
section A (in the third-order stream reach) and
section B (in the uppermost part of the fourth-
order reach). However, a number of smaller wood
pieces generated by the breakage of trees during
their fall or decomposition were either reoriented
by stream flow or displaced some distance
downstream and braced against other, more stable
wood pieces (Miku$ et al. 2016). The third-order
reach was characterised by a markedly lower
proportion of logs spanning the channel than the
second-order reach, partly because of larger
channel width and partly because of relatively easy
breakage of fallen trees killed by bark beetle
infestation (Mikus et al. 2016).

In the monitored section C located ca. 4.5 km
downstream from the beginning of the fourth-
order stream reach, mean and maximum lengths of
the displacement of fallen tagged trees were several
times larger than in sections A and B. The disparity
can be partly explained by a strongly localised
occurrence of the heavy rainfall causing the major
flood of 2018 but mainly reflects a larger channel
size and higher flood discharges conveyed in
section C. In the fourth-order reach, the prevailing
location of logs on channel margins and bars and
similar proportions of longitudinal and near-
perpendicular orientation of logs indicate that a
considerable part of wood pieces were subjected to
transport in the stream before their deposition.
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However, as two-thirds of the pieces retained in the
reach were in an advanced state of decay, the
lengths of their displacement must have been
limited, indicating that wood is not readily flushed
out to downstream reaches. Major floods tend here
to redistribute large wood recruited to the channel
and either brace it against stable pieces (hence
aggregating wood into jams) or deposit logs along
channel margins and on bars, where a relatively
small depth of floodwater prevents their flotation
(cf. Haga et al. 2002). Therefore, subsequent,
smaller floods are unlikely to cause further
displacement of the retained wood.

During the few last decades, the amounts of
large wood retained in the upper course of
Kamienica Stream must have increased because of
the cessation of wood removal from the channel
since the establishment of the national park in
1980 and accelerated delivery of fallen trees caused
by bark beetle infestation of the riparian forest.
Insignificant/very low mobility of wood retained in
the second- and third-order stream reaches
prevents flushing out of the wood to inhabited
valley reaches outside the national park even
during large floods. Larger mobility of large wood
in the fourth-order stream reach causes that a
proportion of trees recruited to the channel during
a large flood may be flushed out downstream, but
most of such trees are retained in the reach,
predominantly in higher parts of the active channel,
where wood is subsequently subjected to rapid
decomposition under subaerial conditions
(Harmon et al. 1986). If mobilized by the next large
flood, such wood in an advanced state of decay will
disintegrate into small fragments and thus will not
constitute an important flood hazard to
downstream valley reaches.

5 Conclusions

Large wood is recruited to the upper course of
Kamienica Stream by a few processes, with bank
erosion and windthrow having been most effective
during 10 years of monitoring. In this period, the
effectiveness of strong wind in large wood delivery
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