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While healthy forest ecosystems deliver various services that can reduce flood

risk, they can also contribute to flooding by providing wood that potentially

contributes to the clogging of waterways and associated backwater effects. In

this regard, deadwood, as a key aspect of healthy forests, is often in focus

of post-flood disaster discourses. This research reflects on this ambiguity in

the different forest management goals when it comes to managing forests

for flood risk reduction versus forest health. A working definition of forest

health will be presented and an overview of the different aspects of how a

forest potentially can affect the flood hazard will be provided. This will refer

to the ways forests influence (1) the discharge of water from the landscape

into channels and (2) the characteristics of the channel and its riparian area

and their respective influence on the transport of water, sediment, and debris.

Often these two determining factors for the development of the flood peak are

discussed separately and by different academic fields. This paper aims to connect

the existing knowledge spheres and discusses the synergies and trade-offs. The

review shows that the two objectives of forest health and flood risk reduction

are largely synergetic. However, in direct proximity to watercourses trade-offs

might occur. This is especially due to the ambivalent relation of living vegetation

and deadwood to flood hazard. In places without susceptible infrastructures to

clogging, deadwood and diverse vegetation structures should be supported due

to their beneficial effects on water retention and channel characteristics. In places

where susceptible infrastructures exist, trade-offs between the two objectives

arise. Here the potential of freshly uprooted vegetation to cause damages should

be reduced while maintaining the vegetation’s supportive characteristics, for

example, concerning bank and slope stability. Where the risk of clogging is

assessed as too high, also the selective removal or shortening of dead in-channel

Large Wood can be considered. However, based on the literature review the risk

deriving from dead Large Wood is evaluated as comparably low. This is related

to its generally lower proportions and its smaller and less stable characteristics

compared to freshly uprooted vegetation.
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1. Introduction

In mid-July 2021 Western Europe experienced severe floods.
More than 220 people died in Germany and Belgium and huge
public and private economic damages occurred amounting to €46
billion in Europe of which €33 billion accounted to Germany.
This makes it the costliest extreme weather event in Germany
and Europe to date (Munich RE, 2022). One particularly affected
area is the Ahr valley in the low-ranging mountain area of Eifel,
Germany. Within a few hours, the water level rose several meters.
At 7 p.m. on the 14th of July, the flood wave exceeded the historic
mark of 3.2 m meters in the small city of Altenahr, Rhineland-
Palatinate (RLP). Just 1 h later it overflowed the gauge at a water
level of more than 5 m. The water level reached its highest level of
about 10 m in the early morning of the 15th of July (Landesamt
für Umwelt Rheinland-Pfalz, 2022). Ultimately, more than 130
humans lost their lives and more than 42,000 people are affected
in the Ahr valley (Deutsches Komitee Katastrophenvorsorge e.V,
2022). Despite recovery and aid initiatives many people in the area
continue to suffer from the effects of the flood due to, i.e., property
loss, livelihood disruption, and mental health effects (Welsch,
2022).

The flood was triggered by the low-pressure system “Bernd,”
which brought regionally pronounced heavy rainfall in large
parts of river basins. In West Germany, 60–180 mm of rain
fell in only 22 h on the 14th of July. These large quantities of
water quickly ran off due to the prevailing orographic conditions
and already saturated soils. In the partly narrow valleys, the
water got channeled and led to quickly rising streams (Dietze
and Ozturk, 2021; Junghänel et al., 2021; Deutsches Komitee
Katastrophenvorsorge e.V, 2022). This factor in interaction with
mobilized sediment and debris led to not yet commonly observed
effects in the region. Bridges were clogged which resulted in
extending floods to areas hundreds of meters away from the
initial riverbed (Dietze and Ozturk, 2021). One major factor
that has been in the focus for this effect is deadwood (Dietze
and Ozturk, 2021; tagesschau, 2021; ZDF Frontal, 2021). This
discourse was also taken up locally. Similar to the discussions
observed by Borga et al. (2019) after a flash flood in the Veneto
Region of Italy, statements ranged from “exaggerated” nature
conservation that did not allow to clear riparian forests from
deadwood (ZDF Frontal, 2021) or to calls to remove trees along
the streams (SWR Aktuell, 2022) to a not sufficient protection
of ecosystems, as, e.g., healthy forest ecosystems allow rainfall
to infiltrate and drain better in contrast to monocultures or
heavily managed forests (BÜNDNIS 90/DIE GRÜNEN Ahrweiler,
2022). Indeed, this has been acknowledged in alpine areas for
long under the concept of protective forests,1 however, has not
received much attention in low and medium-ranging mountain
areas (Markart et al., 2021; Welle, 2021). Against this background,
the question of the adequate management of forests arises,
in particular regarding the treatment of deadwood as a key
aspect of healthy forest ecosystems, to strengthen its function

1 Often also described as “protection forests.” However, in the literature
increasingly termed as “protective forests” to avoid confusion with forest
protection (Dorren and Moos, 2022). Various definitions exist which will be
elaborated on in Section “2.3. The concept of protective forests.”

in providing flood protection, while taking other interests into
account.

This article aims to shed light on this issue and to support future
developments in the complex forest-flood nexus by elaborating on
the potential effects of forest ecosystem health aspects on flood
risk. For this purpose, the research aims to address the following
question: What are potential trade-offs and synergies between the
forest management objectives of forest ecosystem health and of flood
risk reduction?

To answer this question, firstly a theoretical background on
forest health and flood risk will be provided. This is followed by
an investigation of the ways a forest and its condition can influence
the development of the flood wave after a heavy precipitation event
occurs (Figure 1). Due to the large public attention on the discourse
on dead and freshly uprooted wood, we will reflect on this aspect
more in detail. Lastly, we will discuss to what extent synergies
between the objectives of forest health and of flood risk reduction
exist and where likely trade-offs appear.

2. Theoretical and analytical
background

2.1. Defining forests and forest health

The origin of the term forest health is strongly connected with
the concerns over acidic precipitation and the dying-off of forests,
the “Waldsterben,” in the 1970s and 1980s in North America and
Europe (ICP Forests, 2018; Forest Information System for Europe,
2022). However, there is no consensus on the definition of forest
health or of forests to date.

Over time, different definitions of forests have been developed
that reflect different management objectives and which shape the
development of environmental policies (Chazdon et al., 2016).
The most widely applied forest definition is from the Food and
Agriculture Organization of the United Nations (FAO) which
broadly frames forests as

Land spanning more than 0.5 hectares with trees higher than 5
meters and a canopy cover of more than 10 percent, or trees able
to reach these thresholds in situ. It does not include land that
is predominantly under agricultural or urban land use (FAO,
2020, p. 10).

Further, it differentiates them into naturally regenerating
forests, planted forests, and plantation forests. The FAO’s generic
definition is partly heavily criticized for not reflecting on the
ecology and complexity of the natural biotope forest (Naturwald
Akademie, 2020; Persson, 2020). In this regard, for example, Buettel
et al. (2017) propose that deadwood should be an integrated part of
the definition of forests.

As there is no agreed-upon definition of forests, also the
definition of forest health varies widely. The FAO provides
no official definition of forest health. However, its AGROVOC
multilingual thesaurus, a tool to classify data homogeneously and
facilitate interoperability, defines forest health as “the perceived
condition of a forest derived from concerns about such factors
as its age, structure, composition, function, vigor, presence of
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FIGURE 1

The green frame depicts the thematic foci of the review to identify synergies and trade-offs between the forest management objectives forest health
and flood risk reduction. It covers the influences of forest conditions on water discharge into channels and on flood relevant channel processes.

unusual levels of insects or disease, and resilience to disturbance”
(FAO, 2022). This highlights the term’s subjectivity and dependence
on forest management objectives. Accordingly, definitions of
forest health range broadly, from strictly utilitarian to ecological
perspectives (Trumbore et al., 2015). For instance, from a utilitarian
perspective, factors indicating forest health include diseases, growth
rates, and damages but also water quality. Many of these indicators
are also included from an ecological perspective. However, it
expands to indicators that do not have an immediate use, such as
existing deadwood, or which could even be considered unhealthy
from a utilitarian perspective, such as the patchiness of forests
with different successional stages. For example, patches with a
high ratio of old and dying trees would not count as healthy
in a strictly utilitarian sense as no immediate use or even loss,
e.g., of income would result from it. However, these patches
facilitate various ecological processes, such as regeneration or
habitat creation on a wider scale (Trumbore et al., 2015). Therefore,
according to Trumbore et al. (2015) forest health is characterized
by “mosaic(s) of successional patches representing all stages of the
natural range of disturbance and recovery” (Trumbore et al., 2015,
p. 815). Whereas, the frequency, strength, and spatial extent of
disturbances should not exceed the natural variability nor affect the
trajectory of recovery at the landscape to regional scale (Trumbore
et al., 2015). This characterization of forest health is close to the
structures and processes of old-growth forests where in absence
of large disturbances, the forest dynamics tend to be small scale
and homogenous stand structures rarely reach an extent of more
than 0.5–1 ha (Korpel’, 1995). Old-growth forests are characterized
by a multi-layered structure with high growing stocks and large
deadwood volumes (Burrascano et al., 2013; Commarmot et al.,
2013).

For the purpose of the article’s research objective, we adapt a
definition of forest health that draws upon the structure of old-
growth forests. Therefore, forest health is characterized by (1)

mosaics of successional patches that represent all stages of forest
dynamics, (2) a multi-layered structure, and (3) high amounts of
growing stock and deadwood.

Forest health depends on various factors and is influenced
by natural and anthropogenic stressors. Anthropogenic climate
change is seen as one of the major challenges for the forestry
sector and many different management approaches are discussed
and explored to adapt the forest to climate change. These
comprise, among others, the use of other or newly bred
tree species or more diverse forest structures and deadwood
(Bundesministerium für Ernährung und Landwirtschaft, 2021;
European Commission, 2021b; Wissenschaftlicher Beirat für
Waldpolitik beim Bundesministerium für Ernährung und
Landwirtschaft, 2021). However, many of the stressors are
related directly to the trade-offs that come along with the forest
management objectives. This is particularly the case when the
ecosystem management’s target is to maximize the provision of
one ecosystem service, such as the provision of timber, which often
leads to a considerable decline in the ecosystem’s ability to provide
other ecosystem services, such as water retention (Bennett et al.,
2009; Cavender-Bares et al., 2015; Watson et al., 2018).

2.2. Ecosystem (dis)services,
nature-based solutions,
ecosystem-based adaptation, and
disaster risk reduction

As touched upon before, intact forest ecosystems provide
various services that are beneficial to people (Watson et al.,
2018), so-called ecosystem services (ES). The Millennium
Ecosystem Assessment Framework categorizes ES into
provisioning, regulating, cultural, and supporting services
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(Millennium Ecosystem Assessment, 2003). These services have
the potential to reduce disaster risk by addressing one or several
of its three dimensions: hazard, vulnerability, and exposure (Walz
et al., 2021a). Their potential in providing a multi-purpose and
sustainable approach to Disaster Risk Reduction (DRR) and
Climate Change Adaptation (CCA) is widely acknowledged
(Sudmeier-Rieux et al., 2021; IPCC, 2022) and also highlighted
in the latest Adaptation Strategy of the European Commission
(2021a). However, to what extent an ecosystem can support DRR is
largely determined by its condition (Walz et al., 2021a).

Approaches that make use of these services to mitigate
climate change, adapt to its impacts, and reduce existing disaster
risks are clustered under the umbrella term of “Nature-based
Solutions” (NbS). Depending on the target of the approach, it is
further differentiated into “Ecosystem-based Adaptation” (EbA)
and “Ecosystem-based Disaster Risk Reduction” (Eco-DRR). While
EbA addresses climate-related hazards with a focus on long-term
changes and future uncertainties due to climate change, Eco-
DRR addresses all types of natural hazards and, in contrast to
EbA, rather focuses on existing risks (European Environment
Agency, 2017a; Walz et al., 2021b). In addition, in the sphere of
flood risk management terms like “green infrastructure” (European
Environment Agency, 2017b) or “bioengineering” (Bischetti et al.,
2014) are frequently used.

While functional ecosystems are widely acknowledged as a
promising solution to reduce both current and future risk, they
may as well contribute to risk by means of “ecosystem disservices”
(Sudmeier-Rieux et al., 2021). An example happened during the
2021 Eifel flood with the provision of woody material which
contributed to blocking bridges and similar structures staunching
the water and leading to backwater effects (Dietze et al., 2022).

Therefore, comprehensive DRR and CCA management
schemes need to reflect on potential ecosystem services and
disservices (Sudmeier-Rieux et al., 2021). An example of an
established Eco-DRR approach to protect against several natural
hazards is the concept of protective forests.

2.3. The concept of protective forests

In low-ranging mountains, which usually have absolute heights
between 500 and 1,500 m above sea level and overtop their
surrounding countryside by only 300–1,000 m, the protective forest
concept has not received much attention so far even though
low mountain ranges can already cause considerable orographic
precipitation (Spektrum Akademischer Verlag, 2001; Welle, 2021).

In alpine areas protective forests have a long tradition to protect
against natural hazards. For example, 42% of Switzerland’s area
profits from protective forests, whereas one-third of the Swiss
protective forests are located in altitudes below 1,000 m (Brändli
et al., 2020). Protective forests, as a “Forest-based Solution” (Teich
et al., 2021), target to prevent and mitigate natural hazards. They
are generally implemented at the slope scale and are comparably
inexpensive and feasible to protect against several hazards at
the same time (Huber et al., 2015; Teich et al., 2021). Together
with spatial planning, they are used to enhance the effectiveness
of existing and to reduce the costs of new technical protection
structures downstream (Markart et al., 2021; Teich et al., 2021).

Various definitions of protective forests exist, also in the
German-speaking alpine area. According to the current Swiss
definition from 2013, protective forests protect against the
hazard categories of channel process associated with flowing
water, avalanche, and rock- and icefall (Losey and Wehrli, 2013;
Bundesamt für Umwelt, 2021). However, forests that exclusively
reduce runoff but do not mitigate hazardous channel processes,
such as debris flow, do not qualify as protection forests (Bundesamt
für Umwelt, 2021). The Austrian Forest Act, amended in
2002, distinguishes protection forests into site-protecting forests
(Standortschutzwald) ( 21[1]) focusing on soil eroding processes,
object-protecting forests (Objektschutzwald) protecting certain
settlements, infrastructures, and other objects ( 21[2]), and so-
called “ban forests” (Bannwald). Here, the economic or other public
interest to be protected proves to be more important than the
disadvantages associated with the restriction of forest management
and therefore declared by official notice a protection forest ( 27).
In comparison to the Swiss definition, the three protection forest
types cover a wider range of services, including runoff reduction
and also the protection of drinking water (Bundesministerium
für Finanzen, 2022). Similarly broad is the Bavarian concept of
protective forest which, however, does not distinguish between
different types. It was defined as early as 1852 in the first forestry
law for Bavaria and has not changed fundamentally until today
(Bayerisches Staatsministerium für Ernährung, Landwirtschaft und
Forsten, 2016). According to it, protective forests are forests in the
high and ridge regions of the Alps and the low mountain ranges, on
sites that tend to karstification or are highly susceptible to erosion,
and serve to prevent avalanches, rock falls, rockslides, landslides,
floods, soil drifts or similar hazards, or to preserve riverbanks
(Art. 10 [1]). Further, forests that protect neighboring forest stands
from storm damage are also defined as protection forests (Art.
10 [2]) (Bayerische Staatskanzlei, 2022). Also in Bavaria, runoff
reduction is an explicitly mentioned task of the protection forest
and its increasing importance is highlighted in the context of
climate change to reduce flood risk (Bayerisches Staatsministerium
für Ernährung, Landwirtschaft und Forsten, 2016).

2.4. Flood risk

Flood risk is, according to the EU directive on the assessment
and management of flood risks, “the combination of the probability
of a flood event and of the potential adverse consequences for
human health, the environment, cultural heritage and economic
activity associated with a flood event” (European Parliament and
Council of the European Union, 2007, p. 29). The definition
is touching upon the general understanding of risk as the
product of hazard, exposure, and vulnerability (IPCC, 2014) which
is nowadays the agreed understanding in the DRR and CCA
communities. Transferring this understanding to the EU directives
definition, the flood event is the hazard and the potential adverse
consequences for a given subject constitute of its exposure and
its vulnerability to being negatively affected by the flood event.
Therefore, a hazard alone does not constitute a risk or a disaster
(IPCC, 2014). While acknowledging that forests can affect all three
factors of risk–e.g., riparian forests could prevent people to settle
in flood plains, or could contribute via timber sale to vulnerability
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reduction of a municipality when used to better equip emergency
teams– this review focuses primarily on the flood hazard factor.

3. Methodology

This study is based on a comprehensive review of English and
German literature. For this, peer-reviewed journal articles and book
chapters were retrieved from the platforms “Google Scholar,” “Web
of Science,” and “Scopus.” The initial applied Boolean operators
were based on the keywords “forest∗” and “flood∗” to receive a
broad overview. They have then been further concretized by adding
keywords reflecting on forest health, i.e., “deadwood,” “drought,”
and “health∗,” and flood risk aspects, i.e., “erosion,” “runoff,”
“driftwood,” “large wood∗,” and “debris.” Relevant papers were
selected by screening their titles and abstracts. Papers that largely
covered the interests of this review during full-text review, e.g.,
connecting forest management with runoff or with large wood,
were inserted in “connectedpapers.com” to identify other related
articles and topics that might not have yet been reflected on. The
yielded articles were supplemented with relevant gray literature,
such as management guidelines and policy documents to capture
current developments and practices in the management of forests
and flood risk. During the research and writing process, articles
have been continuously added to the initial literature bank via
cross-references and specific searches for the applied thematic foci.
The information for this review has then been extracted from the
full articles, chapters, or their sections and summarized, compared,
and analyzed according to the presented structure.

4. Results: the influence of the forest
on the flood hazard

The severity of the flood hazard depends, besides the duration
and intensity of the precipitation event, largely on two major
components which determine the flood runoff volume and the
development of its peak: (1) The discharge of water from the
landscape into channels and (2) the characteristics of the channel
and surrounding green and gray infrastructure and their influence
on the channel and the transport of water, sediment, and debris.

4.1. The forests’ influence on water
discharge into channels

The discharge is to a certain degree influenced by the landscape
characteristics. Forests and their soils provide various supporting
and regulating ES that influence the potential discharge rate and
velocity of surface and sub-surface runoff. In general, forests
are characterized by lower run-offs than, for instance, grasslands
(e.g., Chen et al., 2021; Scheidl et al., 2021). This is due to
their generally higher evapotranspiration [evaporation from soils
and water bodies, and vegetation interception and transpiration
(Brooks et al., 2013)]) and infiltration rates, higher soil water
storage capacities, and higher surface roughness leading to lower
runoff velocities (Schüler, 2006; Eisenbies et al., 2007; Hümann
et al., 2011; Markart et al., 2021).

While forests may reduce flood peaks for moderate
precipitation events, the effect of the forest and its condition
decreases with increasing severity (Schüler, 2006; Bathurst et al.,
2022; Xiao et al., 2022). These characteristics are, however,
strongly influenced by complex interactions of geographical,
edaphic, vegetative and climatic factors and the current and
historical management (Schüler, 2006; Eisenbies et al., 2007).
Optimal are multilayered forests with rich ground vegetation. In
well-structured forest stands, up to 6 mm of precipitation in the
canopy and depending on the ground vegetation a further 1–4 mm
can be retained per rain event (Markart, 2000; Markart et al.,
2021). However, it is remarked that this interception capacity is
comparatively quickly reached in case of an extreme precipitation
event (Markart et al., 2021). While evaporation and transpiration
effects during a heavy rain event are neglectable (Markart et al.,
2021), the higher evapotranspiration of forests, especially during
the growing season in summer, can lead to relatively low antecedent
soil moisture contents. In effect, forest soils generally obtain higher
degree of available storage volume before a rain event (Brooks
et al., 2013; Archer et al., 2016).

To reduce the runoff amount and velocity, the surface
roughness of the forest ground plays an essential role. Hereby,
the ground vegetation is important, but also structures like dead
branches or laying trunks are essential to increase the roughness
and eventually help to decrease erosion (Figure 6A; Lachat et al.,
2019; Markart et al., 2020).

4.1.1. Deadwood and other organic material
Deadwood and other organic material, such as litter, act as a

sponge for water and increase the water absorption capacity. As
such, they can create wet microhabitats that obtain an important
role for natural regeneration in dry forest types (Frehner et al.,
2005). Decaying wood also serves as a seedbed. In some humid
mountain forests, more than half of all spruce trees grow on
decaying wood (Lachat et al., 2019). Further, deadwood supports
soil structuring micro fauna and is therefore an important factor
for the development of forest soils characterized by high water
infiltration and retention potential (Schüler, 2006; Bundesamt für
Naturschutz, 2020).

While high organic contents of forest soils are important for a
high water absorption capacity under normal weather conditions, it
can lead to stronger water repellency when long dry periods occur.
The drying out of organic material leads to hydrophobic conditions
increasing the soil water repellency (Mao et al., 2016; Hewelke et al.,
2018) and potentially leading to surface runoff (Hümann et al.,
2011). Especially dense spruce forests with no ground vegetation
(Piceetum nudum) are disadvantageous as they have a pure needle
litter which has a strong water-repellent effect (Markart et al., 2020).
This repellent “straw roof” (“Strohdach”) effect is also observable in
grasslands with a very dense root system, e.g., some Festuca species,
leading to a generally higher runoff as compared to forests (Markart
et al., 2011). In low-ranging mountains, peat and swamp areas
of swamp forests play an important role due to their high water
retention capacities. They are able to buffer sudden heavy rainfall
after dry periods and mitigate it until their water storage capacity
is fully replenished. A hydrophobic phase of organic material, as
previously described, is not observed in swamp forests because of
permanent moisture penetration (Schüler, 2007).
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4.1.2. Soil structure
The forest soil is one of the key factors influencing water

retention and stands in strong relation to the forest type and its tree
types. While the soil influences the type of forest that is growing
on it, it is also shaped by the forest. Besides the provision of
organic material, the forest’s root system is a major factor in the
development of soils. The tree roots of forests create a complex
structure that acts as a drainage system, as water can more easily
infiltrate along roots and macro pore structures left by decaying
roots (Figure 6B; Wu et al., 2021). In this way, the root system
increases preferential flow, partitions, and transports water within
catchments (Archer et al., 2016; Luo et al., 2023). The older the
forest, the higher the infiltration of water generally is (Lange et al.,
2009; Neary et al., 2009; Karl et al., 2012; Archer et al., 2016).
Further, forests with deep-rooting tree species, foremost deciduous
species, show generally higher water retention rates than shallow-
rooted tree species (e.g., Nordmann et al., 2009).

In a study by Archer et al. (2016), the effect of different
forest types in the Cairngorm Mountains, Scotland, has been
investigated for in situ field-saturated hydraulic conductivity, root
fraction, and proportions and connectivity of macropores. The
measured values indicate that with increasing tree and forest age
the infiltration rates increase due to larger root fractions and
higher proportions and connectivity of macropores. Remarkably,
an old-growth Caledonian forest had a 7–15 times larger hydraulic
conductivity than a 48-year-old pine plantation, while it was
evaluated that a 6-year-old pine plantation likely does not allow
for heavy precipitation infiltration. The latter is brought into
connection with the treatment of the area before the new trees
have been planted. The felling of the previous plantation and the
preparation of the soil for the new plantation with heavy machinery
resulted in amorphous soil structures with a reduced macropore
proportion and connectivity (Archer et al., 2016). However, as the
48-year-old plantation has higher values than the young plantation,
it is suggested that the pine plantation was able to relatively quickly
recover a root system capable of enhancing water infiltration
(Archer et al., 2016).

The results of a study by Hümann et al. (2011), however, draw a
different picture. They conducted a series of sprinkling experiments
on hillslopes in low-mountain ranges of Rhineland-Palatinate
(RLP), Germany, in order to investigate the effect of different
forest types and soil properties on runoff. In line with Archer
et al. (2016), they found that the soils under established forests
are porous with relatively high infiltration and water conductivity
values. However, in a 40-year-old Douglas fir plantation and in a 30-
year-old deciduous afforestation surface runoff has been observed,
indicating a limited infiltration. This was associated with the
prevalent soil properties. In the Douglas fir stand, the surface runoff
has been associated with local soil compaction and dry weather
conditions resulting in higher water repellency of the humus layer.
In the 30-year-old afforestation, it is related to the compacted soil
layer at 20 cm depth that was derived from previous agricultural
practices. In effect, the afforestation still reacts similarly to arable
land. This indicates that the potential of forests to reduce runoff
generation and enhance water retention mainly depends on the
physical soil properties and conditions (Lüscher and Zürcher, 2002;
Hümann et al., 2011).

The limiting effect of the soil is also acknowledged in
the guidance document “Sustainability and Success Control
in Protection Forests” [Nachhaltigkeit und Erfolgskontrolle im
Schutzwald -NaiS (Frehner et al., 2005)], which describes the
official standards and principles of protection forest management
in Switzerland. It states that silvicultural management should
focus on sites with deep but inhibited permeable soils as here
deep-rooting tree species can significantly increase the water
storage effect and, therefore, changes in the forest condition
have the highest influence. In contrast, the forest condition
has only a limited effect on water storage on sites with
heavily waterlogged, very shallow, or excessively permeable soils
or, on the contrary, on sites with profound and permeable
soils that naturally already have a high soil water storage
effect (Frehner et al., 2005). For afforestation on soils that
are heavily waterlogged, e.g., due to agricultural use, it is
suggested to consider the use of special deep-loosening machinery
prior to the planting to break up the compacted soil layers
to accelerate the establishment of a complex root system
(Hümann et al., 2011).

4.1.3. Disturbance and regeneration
As previously touched upon, discharge reduction is impaired by

human management practices. This refers to the age and structure
of forests, prevalent trees, and existing forest infrastructures.
Naturally, in wide parts of central Europe the beech would be
dominant (Ellenberg and Leuschner, 2010). The natural forest types
were, however, often replaced by plantation forests. This does not
solely negatively affect the discharge due to the different afore-
described factors but also the resistance of the forest stand to
disturbances which is important for the continuous delivery of
runoff-reducing services.

In general, forests with a multi-layered, stepped, or routed
structure are considered less susceptible to disturbance than
single-layered stands (Hanewinkel et al., 2014). Especially, single-
layered needle forests own a high risk to be largely destabilized
by wind throw or bark beetle infestations resulting in a wide
loss of their protective services (Huber et al., 2015; Sebald
et al., 2019). In case areas are disturbed by wind throw, lying
deadwood initially provides high surface roughness, but as it
decomposes, the protective effect may be temporarily reduced if
regeneration is slow to emerge (Lachat et al., 2019). According
to NaiS natural regeneration should be present on at least 3–
6% of the area to guarantee stable protective forest stands
(Frehner et al., 2005). Generally, natural regeneration does not
present any difficulties in the lower montane, sub-montane, and
colline stages. Here beech dominated forests would naturally
occur with different ratios of other tree species (Korpel’, 1995;
Schwitter et al., 2019). However, the high browsing pressure
of ungulate game species is considered a major challenge to
natural regeneration (Frehner et al., 2005; Huber et al., 2015;
Brändli et al., 2020). Other challenges for natural regeneration
pose the quick spreading of blackberry (Rubus silvaticus) on
disturbed or cleared sites (Figure 2), and droughts (Frehner et al.,
2005).

In case there is missing natural regeneration in undisturbed
forest stands, e.g., due to missing light evoked by the dense canopy
of one-layered, single-aged forest stands, the cutting out of gaps
can help to promote its development. Further, the development
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FIGURE 2

Blackberry (Rubus silvaticus) dominated area (Fabian Rackelmann).

FIGURE 3

Logging trail with standing water during a hot summer day in 2022 indicating the destroyed water infiltration capacity of the soil due to the
compaction of the vehicles, Ahrhütte, Blankenheim, NRW (Fabian Rackelmann).

of stable trees can be supported by cutting down neighboring
trees to give them enough space to develop (Huber et al., 2015).
A respective selective thinning approach applied in protective
forests in lower altitudes is the “Z-tree care” (Z-Baum Pflege)
presented by Schwitter et al. (2019) which targets the support
of single trees to transform single-layered forest stands toward
multilayered forests.

As drought is one of the main challenges for natural
regeneration, it is important to reflect on the risk of excess sun
and heat development when opening the forest canopy which
could lead to the drying out of the young trees and the organic
matter (Schwitter et al., 2019; Ibisch et al., 2021). Similarly, this
should be the case when considering the clearing of dead spruce
stands triggered by bark beetle infestations. With the dying of the
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FIGURE 4

Forest road design tilted toward hillslope favoring the concentration and quick discharge of water, Altenahr, RLP (Fabian Rackelmann).

spruces the temperature within the stand increases. It is, however,
considerably lower compared to cleared areas which facilitates the
upcoming of natural vegetation (Ibisch et al., 2021).

Clearing of dead trees leads to losses of organic matter and
reduces the existing structures and thus the surface roughness
(Markart et al., 2021). Moreover, for the harvest often large
machines are used that compress the soil, as, e.g., mentioned in the
study by Hümann et al. (2011). To reduce the impact of machines
on forest soils logging trails are established to avoid areal driving.
However, the runoff reducing potential of soil in these trails is
lost (Figure 3) and therefore they should have minimum density.
Further, in the line structures of logging trails and forest roads and
respective trenches, it comes to a concentration of water potentially
leading to a quick runoff into forest canals (Figure 4; Schüler, 2007).

While the influence of the forest and their conditions in small
catchments is largely acknowledged, with increasing catchment size
the influence of forest vegetation on flood peaks becomes more
contested (Markart et al., 2021; Bathurst et al., 2022). Calder and
Aylward (2006) present three possible explanations for it: First,
flood peaks from smaller catchments will unlikely come together
in the bigger catchment at the same time and therefore will not add
up to each other. Second, storms with a spatial scale able to affect a
large basin area are potentially also of high severity. As previously
described, the higher the severity the smaller the effect of the forest
and its condition on the discharge is. And third, the proportional

change in water retention by measurements is likely to be higher
within a smaller catchment than within a larger catchment.

4.2. The forests’ influence on flood
relevant channel processes

The previously described higher roughness of forests also
applies to forests in the floodplain and along the channel. Riparian
forests increase the flow resistance contributing to the reduction
of the flood peak (Bölscher et al., 2010; Reinhardt et al., 2011).
They are also a major source of deadwood in channels with a high
ecological value (Neuhaus and Mende, 2021) and provide various
ES, inter alia, positively affecting channel processes (compare
following chapter) (Linstead and Gurnell, 1999; Thomas and
Nisbet, 2012). Further, a number of studies have shown the
importance of vegetation on streambank stability (Simon and
Collison, 2002; Docker and Hubble, 2008; Gasser et al., 2020)
and for the reduction of mass movements, such as landslides,
by increasing slope stability due to, e.g., root reinforcement and
reduced soil’s pore-water pressure (Moos et al., 2016; Vergani et al.,
2017; Gasser et al., 2019). Therefore, forests help to reduce the flood
peak by decreasing the mobilization of different forms of debris
from the riparian stripes, including wood. Further, they also help to
retain already mobilized in-channel debris (Figures 5, 6C; Gasser
et al., 2019).

Frontiers in Forests and Global Change 08 frontiersin.org

https://doi.org/10.3389/ffgc.2023.1208032
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-06-1208032 July 6, 2023 Time: 17:31 # 9

Rackelmann et al. 10.3389/ffgc.2023.1208032

FIGURE 5

Wood retained by a yew tree (Taxus baccata) close to Brück (Ahr),
Altenahr, RLP (Fabian Rackelmann).

However, the services provided by trees and deadwood hold
the potential to evolve to flood accelerating disservices during
flood events due to mobilized material contributing to blockages
of infrastructures, such as bridges.

Dead and fresh woody materials which are located within the
floodplain are widely defined as “Large Wood (LW),” “instream
wood,” or “(large) woody debris.” The connection with the
term “debris” is, however, not frequently used anymore due
to its negative connotation (Bundesamt für Umwelt, 2019).
The dimensions of LW are generally defined as being at
least 1 m in length and 10 cm in diameter. Various LW
aspects are increasingly comprehensively researched. The research
foci vary, inter alia, from investigating its role for flora and
fauna, the origins of the woody pieces that are mobilized
during a flood event, to the transport in the watercourse
and its interactions with different hydro-geological channel
processes, and its potential in contributing to clogging of
infrastructures.

As the issue of LW has been very prominent regionally
in the discussions on the causes of the Eifel flood disaster
of 2021, the following sections will give an overview of what
the distribution of dead and fresh LW in previous floods
has been and where they originated from to better evaluate
the potential risk from different types of LW. Further, the
interaction of dead LW with channel processes relevant for
the development of floods, will be described. The sections will,
moreover, inform on suggested management practices concerning
flood risk reduction.

4.2.1. The role of dead and fresh Large Wood
during previous flood events

The type of LW, its size and form, the type of vegetation, and
whether it is deadwood (woody vegetation, or pieces thereof, that
have been dead before the event) or fresh wood (woody vegetation
that has been uprooted or broken apart and washed away during
the event) determine its potential to contribute to the clogging of
bridges and other infrastructure within the floodplain. Long pieces
with branches or adjunct root systems pose a higher risk for wood
jams than smaller less complex LW forms as further LW and debris
can be more easily retained by the more complex structures. Fresh
LW is generally longer and more complex than dead LW (Schalko,
2018). For its potential of clogging also the stability of the LW
is an important factor. This is determined by the size, especially
the diameter, but also by the type and vitality as it determines the
stability of the wood. Fresh LW derived from deciduous trees is
generally more stable than dead LW originating from coniferous
trees and, therefore, potentially owns a larger clogging potential to
block bridges (Figure 6D; Rickli et al., 2018; Schalko, 2018).

Besides the type of LW, also its transport form influences its
potential to block infrastructure, e.g., single pieces of LW have a
lower potential to block bridges than congested LW (Mazzorana
et al., 2018). Models to estimate the potential of different types of
LW to contribute to clogging are important for an adequate LW
management. They have become more complex in recent years.
For example, from initially only accounting for straight LW pieces
options to including different forms, such as the roots, have been
incorporated (Schalko, 2018). For more information on different
methods and models to assess LW-related hazards, e.g., Mazzorana
et al. (2018) and Friedrich et al. (2022) can be consulted.

Large Wood that has been transported during flood events,
has different proportions of deadwood and fresh wood. The
proportions are heavily influenced by the management of the
watercourse and the floodplain, e.g., the age and management
of the forest but will also be influenced by the methodology of
the assessment. Even though areas around LW are increasingly
investigated, studies on the proportions of dead and fresh LW
(Table 1) remain rare. Bänziger (1990) assessed the proportions
of dead and fresh LW for the summer 1987 floods in Switzerland.
Based on interviews and regional aerial photographs, he estimated
that 35% of the total LW has been in-channel deadwood, 19%
was derived from eroded alluvial forests, 12% from the streamside
vegetation, 17% was mobilized by landslides, and another
17% was derived from lumberyards and timber. Interestingly,
the interviewees suggested that the alluvial forests have been
responsible for 52% of the total LW mobilization, which was far
higher than according to the 19% of his final analysis.

For the 2005 flood in Switzerland, Waldner et al. (2007)
assessed the proportion of different LW types with standardized
visual assessments of the bark of full piles of LW that either
naturally accumulated or artificially were piled in the aftermath
of the flood in 4 torrent catchments. The collected data were
reevaluated by Rickli et al. (2018) applying some filters to reflect on
human influences such as the mechanic piling and cutting of wood
(Figure 7). Large variations in the distribution among the different
locations were observed. For instance, the fresh LW proportion
varied from 35 to 79%. However, as the LW has often completely
been debarked during the mobilization process, this may have led
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FIGURE 6

Overview of different forest influences on flood hazard with a particular focus on Large Wood processes. Deadwood is highlighted in yellow. Fresh
Large Wood is depicted in green.

TABLE 1 Average proportions of dead and fresh Large Wood (LW) per event.

References Event Fresh LW (%) Dead LW (%) Other LW (%)

Bänziger, 1990 Switzerland, 1987 48 35 17

Waldner et al., 2007 Switzerland, 2005 58 (25–80) 33 9

Rickli et al., 2018 Switzerland, 2005 57 (35–79) 34 9

Steeb et al., 2017 Kander catchment, Switzerland, 2005 – 12.1 (9.3–22) –

The values in brackets describe the observed ranges.

to an overestimation of the contribution of deadwood (Waldner
et al., 2007; Steeb et al., 2017). Steeb et al. (2017) have modeled,
based upon parameters that reflect the recruitment and deposition
processes of a catchment, the LW budget during the 2005 flood
in Switzerland for four tributaries to the Kander catchment. The
proportion of deadwood varied within the 4 rivers from 9.3 to 22%
with an average of 12.1%, whereas approx. two-thirds of it, or 8%
of the total LW amount, has been located in the channel, and one-
third, 4% of the total LW, has been deadwood located in the riparian
forests which were then eroded during the flood event.

Waldner et al. (2007) particularly paid attention in their
investigation on the role of LW to the question of the proportion
of storm-damaged wood, since after the event, the assumption was

made on various occasions that the large amount of LW had been
caused to a substantial extent by storm-damaged areas that had not
been cleared. Some of the study regions were severely affected by
the storm “Lothar” in 1999. These showed proportions of fresh LW
of 53%, while in areas that were barely affected by the storm a fresh
LW proportion of 78% was found. In the regions severely affected
by the storm, bark beetle traces were found in about 17% of the total
volume of LW recorded, in the others it was about 2%. Since bark
beetles proliferate especially in spruce stands after storm damage,
this is an indication that relatively little LW originated from storm
areas. Especially in the areas downstream of the alpine rim lakes,
a high proportion of softwood tree species typical of the riparian
vegetation of valley rivers was found. This is an indication that a
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FIGURE 7

Mechanically pilled Large Wood as one factor exacerbating potential endeavors to determine the source and proportion of Large Wood, Sinzig, RLP
(Fabian Rackelmann).

large part of the LW was recruited by lateral erosion during the
flood along the larger water courses (Waldner et al., 2007).

As touched upon earlier, the type of LW also depends
on the recruitment processes which vary from tree mortality
(Figure 6E) and wind-throw to landslides (Figure 6F), debris
flows (Figure 6G), and bank erosion (Figure 6H). Depending
on the climatic conditions, topography, and geology of the river
catchment, and the channel and landscape management the input
sources and processes vary. In areas that are not frequently affected
by extreme precipitation events, LW recruitment occurs mostly
by tree mortality, wind throw, and bank erosion. Conversely, in
areas where heavy precipitation events are frequently occurring,
LW recruitment is increasingly shaped by mass wasting processes,
such as landslides and debris flows (Seo et al., 2010). In mountain
catchments, the recruitment processes are quite variable. This is,
i.e., related to the varying precipitation distribution which leads
to different discharge rates within catchments (Rickli et al., 2018).
For example, Rickli et al. (2018) observed no drastic LW transport
in four headwater streams during the 2005 flood in Switzerland,
which stands in contrast to the high amounts of LW observed
in larger rivers further downstream (Steeb et al., 2017; Rickli
et al., 2018). Further, the proportions of LW recruitment from
the valley bottom by alluvial processes and from the hillslopes
by foremost gravitational processes vary considerably, even within
small mountain catchments (Comiti et al., 2016a). For the 2005
flood in Switzerland, it has been shown that in the steep headwater
torrent catchments few mass wasting events such as landslides and
debris flows have been the dominant LW recruitment processes
contributing to much of the LW input (Waldner et al., 2007;
Rickli et al., 2018). In the lower reaches of the mountains, where
catchment areas reached around 100 km2, lateral bank erosion
has become the major process for LW recruitment (Steeb et al.,

2017). Similar relations have been obtained by other studies, as
well (Seo et al., 2010; Lucía et al., 2015). Click or tap here to enter
text. However, for example, during the 2011 floods in the Magra
River basin in northwestern Italy, severe bank erosion has been
already the dominant LW recruitment process for much smaller
catchments. For the tributaries and their catchments Gravegnola
(34.3 km2) and Pogliaschina (25.1 km2), it has been estimated
by Lucía et al. (2015) that 70–80% of the LW were derived from
the valley bottom and its flood plains through severe channel
widening. The rest of the LW came from a few hillslope processes.
While flood plain erosion has been the prevailing process in
most of the observed areas, in some upstream sub-basins hillslope
processes, foremost landslides, have been majorly responsible for
LW recruitment (Lucía et al., 2015).

Based on these observations, it is assumed that with increasing
catchment area and decreasing channel slope, the proportion of LW
recruited by mass wasting events decreases and the proportion of
LW mobilized by erosion increases (Rickli et al., 2018).

As channel widening has been a major contributor to LW
recruitment and a direct hazard to infrastructure along the channels
during the 2011 flood in Italy, studies by Nardi and Rinaldi
(2015), Surian et al. (2016), and Comiti et al. (2016b) helped
to better grasp this phenomenon by analyzing geomorphological
and hydraulic variables. Despite that, the studies provided a
good understanding of the influence of channel slope, channel
confinement, upstream sediment supply, and unit stream power,
the quantitative prediction of the channel widening during
an extreme flood event remains subject to large uncertainties.
This in turn limits the capability to precisely evaluate the
LW volumes that need to be expected during flood events
from vegetated floodplains (Comiti et al., 2016a). However,
to estimate LW supply to rivers different models have been
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developed which follow empirical, deterministic, stochastic, and
GIS-based approaches. A review of the different models and their
characteristics is provided by Steeb et al. (2023), Preprint who
further evaluated the usefulness of two recent GIS-based models
for flood hazard assessments.

4.2.2. Suggested multi-goal management of
vegetation along watercourses

To meet these uncertainties, water managers and many
foresters tend to prevent vegetation growth along the watercourses
to avoid the risk of clogging (Gasser et al., 2019). This is also
suggested partly by recent practices in which it is recommended to
clear the channel along one to one and half times the tree’s height
(Pichler and Stöhr, 2018; Markart et al., 2021). This might reduce
the input of LW but also reduce the before described benefits of
riparian vegetation and thus tends to, inter alia, favor the creation
of main LW recruitment processes such as bank erosion (Simon
and Collison, 2002; Docker and Hubble, 2008; Gasser et al., 2020)
and landslides (Moos et al., 2016; Vergani et al., 2017; Scheidl
et al., 2021). According to Markart et al. (2021), the effects of
such a clearance management approach became apparent after
the 2005 flood in Austria where a lot of debris was mobilized
but nearly no LW.

Therefore, considerations between the stabilizing effect of
vegetation and the potential recruitment during floods need to
be made. To help practitioners in their decision-making, Gasser
et al. (2019) provide guidance on this issue for two main LW
recruitment processes during heavy precipitation events: Hydraulic
bank erosion and landslides. They created respective graphs which
evaluate the positive stabilizing effect of the vegetation in high,
variable, and low depending on the main characteristics of the
slope and channel.

Regarding hydraulic bank erosion, the positive effect of
vegetation compared to its potential to act as a LW source tends
to decrease with increasing channel width and channel gradient. In
areas where the positive effect is variable or low, large trees should
be removed and lower-growing vegetation such as different shrubs
and grasses should be planted (Gasser et al., 2019).

Regarding landslides, the positive effect of vegetation tends
to decrease with increasing slope steepness and soil thickness.
Nevertheless, also in areas where the positive effect of vegetation is
variable or comparatively low, vegetation is important for overall
slope stability. However, here tree heights and densities should
be adapted to ensure continuous regeneration to guarantee a
continually existing root structure. Further, a mixture of tree
species should be adapted to initiate higher root reinforcement
(Gasser et al., 2019).

4.2.3. The effect of in-channel dead Large Wood
on watercourse processes

The previous section has shown that the risk deriving from
dead in-channel LW is likely to be comparatively low. Nevertheless,
its widespread removal from the watercourses is widely practiced to
reduce flood risk (Thomas and Nisbet, 2012). As with the removal
of living vegetation this, however, can have detrimental effects on
the development of the flood peak. This section will take a closer
look at the ways dead in-channel LW interacts with the watercourse
processes and its effect on the flood hazard.

4.2.3.1. Presence, storage, and transport of in-channel
dead Large Wood

The presence, storage, and mobilization of in-channel dead LW
depend on the characteristics of the LW, and of the stream and
its hydro-geomorphic conditions and management. Generally, the
lower the channel widths and depths are, the higher the storage
of LW in the channel and its interaction with the channel bed
and bank. LW pieces that are longer than the channel width are
considered largely stable (Figure 8; Lienkaemper and Swanson,
1987; Ruiz-Villanueva and Stoffel, 2017). In this regard, Gurnell
et al. (2002) categorize channels in small, medium, and large.
Small channels have widths smaller than most of the LW lengths.
Medium channels are wider than most of the LW pieces and
large channels have widths larger than all of the supplied LW
pieces.

Further, the stream flow power influences the stream’s
capacity to transport LW. In small headwater catchments, the
mobilized LW generally deposits not far away from its source
areas due to narrower valley channels and lower stream power
compared to larger rivers. Even during extreme flood events in a
larger catchment, the LW in the smaller contributing headwater
catchments remains often stable as the precipitation and discharge
peaks locally are generally not as severe as compared to the larger
catchment (Seo et al., 2010; Rickli et al., 2018). An exception
is debris flows as they often transport large amounts of LW,
boulders, and sediment into headwater streams and their adjunct
watercourses, where, however, the LW recruited generally breaks
into smaller pieces (Seo et al., 2010; Steeb et al., 2017). As with the
recruitment of fresh LW, in larger streams fluvial processes play
the major role in the transportation of LW downstream or on the
floodplains (Figure 9). Here, LW has less influence on the channel
characteristics than in small streams (Lienkaemper and Swanson,
1987; Seo et al., 2010).

The dominant watercourse morphologies in mountainous
regions are step-pool channels (Chin, 1989). In mountain streams,
the natural accumulation form of LW are dams, also called logjams.
Logjams are frequently defined as more than two LW pieces
that exert combined effects on hydraulics and sediment storage
of a channel (Rickli et al., 2018; Wohl and Scamardo, 2020).
A simple and widely applied categorization of LW accumulations
is the one from Gregory et al. (1985) in “partial dams,” “complete
dams” and “active dams,” which have been further elaborated on
by Linstead and Gurnell (1999). Partial dams present only an
incomplete barrier to the water flow as it does not cover the
full width of the channel. Complete dams extend across the full
channel width, however, consisting of a rather loose structure
that allows the water flow to continue and not to influence the
water profile at regular flows. Active dams also extend across the
complete width, however, induce a step in the water profile by
(partially) blocking the water flow. Active dams need the longest
time in their generation but are also the most stable type, persisting
often many years at the same location (Linstead and Gurnell,
1999). The porosity of the LW dams depends on the structure
and size of the LW and the accumulating material. A matrix out
of small and big wood pieces will create denser dams than big
wood pieces alone. The porosity of the dams also depends on the
seasons, being the lowest in autumn when leaf litter in the stream
accumulates behind the dam (Thomas and Nisbet, 2012). Over
time, the characteristics and hydro-geomorphic effect of stable LW
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FIGURE 8

Dead Large Wood with very low potential of being mobilized during a flood event as their lengths are greater than the stream widths. (Left) Stream
Aulbach close to Ahrhütte, Blankenheim, NRW. (Right) Stream Vischelbach close to Kreuzberg, RLP (Fabian Rackelmann).

FIGURE 9

Large Wood with a high potential of being mobilized during a flood event. River Ahr close to Müsch, RLP (Fabian Rackelmann).

dams vary by differing amounts of wood pieces and sediment
trapped by the key pieces of the LW dam (Wohl and Iskin, 2022).
The size of the dams increases downstream, whereas the frequency
of LW accumulations decreases (Swanson et al., 1982; Wohl and
Scamardo, 2020).

Under largely unmanaged conditions it was found for British
headwater rivers that approximately every 7–10 times of the
channel width LW dams occur naturally whereas the forms and
characteristics of dams vary (Linstead and Gurnell, 1999). Most
of the LW dams are relatively transient. Only a few dams persist
for several years and remain at the same site, however, the density
over time remains relatively equal under unmanaged conditions.
Despite the relative transience of LW dams, persistent effects in
channel morphology and backwater storage are observed (Wohl
and Scamardo, 2020; Wohl and Iskin, 2022).

4.2.3.2. The effect of in-channel Large Wood on
morphology and water retention

Several studies have highlighted the role of LW in dissipating
excess energy that otherwise would contribute to slope erosion
(Chin, 1989; Chin and Wohl, 2005). This is, inter alia, because LW
accumulations cause an increase in the flow resistance, its effect,
however, decreases with increasing water discharge rates (Gregory
et al., 1985; Linstead and Gurnell, 1999). They exhibit a higher
dispersive fraction than streams without LW and it has been shown
that the flow resistance is far greater in step-pool channels with LW
than without. This, however, is largely influenced by the location of
the LW in the watercourse. LW located close to the lip of the step
rises the step height and increases the flow resistance more than
compared to LW which is located in the pool of the channel. In this
way, LW is an essential factor for the stabilization of these channels
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(Abbe and Montgomery, 1996; Curran and Wohl, 2003; Chin and
Wohl, 2005; Wilcox and Wohl, 2006).

Further, LW creates greater variability in flow depth and flow
velocity. Different types of pools are created in the channel which
plays an integral role in the retention of water and sediments
and provides habitats for fauna and flora (Linstead and Gurnell,
1999; Thomas and Nisbet, 2012). In streams in which LW is
unmanaged pools can occur approximately every two channel-
widths (Linstead and Gurnell, 1999).

When water is facing LW dams (Figure 6D), the flow is
concentrated when it flows over, under, or through the dam’s matrix
where it gets concentrated leading to higher velocities after the dam
(Thomas and Nisbet, 2012). During high flows, dammed pools can
act as locations of flow avulsion. Further, if active dams persist for
long, they can also lead to a change in the position of the channel
itself if the bank is erodible (Linstead and Gurnell, 1999; Thomas
and Nisbet, 2012; Wohl, 2013). These effects lead to an increased
capacity to hold back water in the channel and in the floodplain,
which decreases the total runoff and stretches the runoff time.
Thomas and Nisbet (2012) have reintroduced LW in the tributaries
of the Welsh river Fenni and have modeled based on the observed
changes that each dam has the potential to delay the flood peak
by 2–3 min. This effect might be low for a single dam, however,
on a catchment scale it may be considerably high (Linstead and
Gurnell, 1999; Thomas and Nisbet, 2012). Linstead and Gurnell
(1999) argued that this might also help to desynchronize the runoff
of the different tributaries leading to a decrease in the flood peak
of the downstream river. This, however, could not be proven by
Thomas and Nisbet (2012).

Moreover, particularly active dams are important for trapping
sediment and LW and keeping it within the headwater system
(Linstead and Gurnell, 1999). In turn, the removal of LW dams
would trigger the downstream mobilization of sediment and the
remaining LW, incise the channel bed, and reduce habitat diversity
(Linstead and Gurnell, 1999). In this regard, the downstream
accumulation of LW can help restore previously eroded and incised
channels by forming a renewed step and therefore contributing to
the momentary channel-hillslope stability reducing the probability
of landslides (Golly et al., 2017).

4.2.3.3. The influence of water and forest management on
Large Wood and suggested approaches for Large Wood
management

As previously described, the presence and mobilization of in-
channel LW are dependent on the characteristics of the stream
which is strongly influenced by existing gray infrastructures, such
as bridges, and green infrastructures, such as living vegetation and
existing LW dams. These are largely shaped by river and forest
management (Seo et al., 2010; Lucía et al., 2015; Comiti et al.,
2016a).

Forest management substantially affects the input of the species
and sizes of the wood. The removal of trees from the riparian forest
impairs the development of stable dams as they generally form
the basis of them (Linstead and Gurnell, 1999). Along afforested
riverbanks, LW densities (number of pieces per km of shoreline)
are much higher than in open landscapes such as fields (Angradi
et al., 2004). Also, river management largely affects the presence
of LW. It often interferes with the flow regime and targets an
increased flow conveyance. This includes the direct removal of LW

but also targets to reduce the LW retention capacity of the channel.
At stabilized riverbanks considerably less LW is found than on
natural riverbanks consisting of sand or silt. Also, the normally high
effect of riparian forests on LW density is diminished by stabilized
riverbanks (Angradi et al., 2004). Combined this leads to a reduced
possibility that stable LW dams can form which in turn means that
potentially more LW and sediment are transported downstream
and the blockage of infrastructure becomes more likely (Linstead
and Gurnell, 1999). Therefore, Linstead and Gurnell (1999) come
to the same conclusion as Benke et al. (1985):

Although there are certain situations that may require wood
removal to eliminate stream blockage, the wisest management
practice is usually no “management” other than protection of
the adjacent flood plain (Benke et al., 1985, p. 12).

However, while indiscriminate removal of LW should be
avoided, a (partly) removal of LW should be considered if the
channel conveyance receives a high priority, or when extensive
amounts of LW have entered the channel, e.g., by forest operations.
Excess input of small materials into rivers might lead to fully closing
the matrix of dams and thus hinder the migration of fish and
other organisms. If the riparian forest is not managed, this problem
is unlikely to occur (Linstead and Gurnell, 1999). Further, as it
is with living vegetation, dead LW should be removed when less
stable LW accumulations are close to infrastructure susceptible to
clogging. However, in case the estimated flooding is of a lower
extent, the partial removal of looser LW should be considered to
reduce negative ecological and morphological impacts, such as the
incising of riverbanks. The most stable LW pieces should remain at
their place, therefore primarily LW should be removed that is not
longer than the channel width, unstable and not fixed within the
stream bed on one or two ends, by either being buried, anchored,
or braced by riparian trees, boulders, bedrock outcrops, or by LW
that does not have just listed characteristics. The removal should
only happen at a certain length of the watercourse and not include
the removal of all dams in the river, as especially active dams hold
back LW in the upper stream system (Gurnell et al., 1995; Linstead
and Gurnell, 1999). Besides the removal of LW, the systematic
management of LW should also be supplemented by engineering
approaches, such as bridge design and retention structures, to
protect areas susceptible to LW (Schmocker and Weitbrecht, 2013;
Mazzorana et al., 2018).

The various benefits of LW are increasingly acknowledged.
However, often the watercourses and the floodplains are heavily
managed, especially in Europe, and managed forested areas along
rivers can often only insufficiently provide LW. Therefore, the
reintroduction of LW into streams is increasingly considered
for river restorations after years of active removal of LW from
streams (Neuhaus and Mende, 2021; Swanson et al., 2021; Wohl
and Iskin, 2022) and even described as state of the art for river
restoration projects in Switzerland (Neuhaus and Mende, 2021).
A further approach to river restoration is covered under the
rewilding approach which for example includes the support of
beaver populations. A study from Bavaria indicates that their dams
have a similar effects on the flood hazard as active dams (Neumayer
et al., 2020). Further insights on the role of beavers on, for example,
river morphology are presented by, e.g., Levine and Meyer (2019)
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and Larsen et al. (2021). Besides beavers also the management of
riparian forests influences the LW supply into streams (Linstead
and Gurnell, 1999; Vaz et al., 2011; Neuhaus and Mende, 2021).
Missing forests and the clearance of trees along the stream have
the consequence that LW dams are more difficult to sustain.
Therefore, forest management should include buffer strips along
the watercourses including trees of different ages and sizes that can
act as LW sources, where the risk for infrastructures is evaluated
as low. The buffer stripe should optimally be 20 meters, as this
reflects on the natural height of mature native tree species in
forests, which defines the range in which wood can reach the
watercourse, e.g., through wind throw. If a riparian forest only
consists of a single-age structure that is not able to act as a source
of LW the input will consequently be low and a (continuous)
supply of LW to the watercourse might be necessary to sustain
LW dams. Therefore, the development of a more structurally
diverse forest should be supported, if the development of LW
dams is envisaged (Gurnell et al., 1995; Linstead and Gurnell,
1999).

5. Discussion: synergies and
trade-offs between forest
ecosystem health and flood risk
reduction

In general, the objectives of forest ecosystem health and
flood risk reduction are largely synergetic. A forest management
that is focused on forest health by developing or allowing
the development of successional patches and a multilayered
structure and increasing growing and deadwood volumes stands
in line with forest structures that support water retention
in the landscape. High volumes of growing stock, with a
multilayered structure, and deadwood support soil structures
that have high water holding and infiltration rates. Further, it
increases surface roughness reducing runoff. The presence of
small successional patches enhances a continuous regeneration
which in combination with the lower risk of healthy forests for
large-scale disturbances from, e.g., wind throw or bark beetle
calamities supports the constant provision of its flood hazard-
reducing services. Existing forest disturbances reduce the forest’s
ability to retain water. In accordance with the forest health
objective for high deadwood volumes, the disturbed areas, however,
should not be cleared as this would go along with a reduced
soil roughness and, depending on the clearing operation, with
a high and long-lasting loss of the soil’s capacity to retain
water due to mechanical compaction. Further, deadwood supports
the upcoming of new seedlings by acting as a seedbed with
high water storage which gains special relevance on soils with
low soil thickness or soils with a low water holding capacity.
Further, disturbed forests with standing deadwood have lower
temperatures compared to cleared areas which are also important
for the upcoming and survival of new tree seedlings. Its
importance is likely to increase with progressing global warming.
Therefore, the restructuring of monocultures and single layered
forest stands toward the objectives of forest health benefits in
general also the reduction of the flood hazard. Due to its

short-term effects, e.g., by not clearing dead spruce stands, and
its long term effects by developing diverse and resilient forest
structures, the objectives of forest health contribute to both, Eco-
DRR and EbA.

Further, removing or adapting man-made infrastructures in
the forest, like logging trails, will reduce the water runoff and
benefit both the vitality of drought-affected forest stands and the
reduction of the flood hazard. Moreover, these infrastructures
might trigger landslides during heavy precipitation events that
potentially mobilize large amounts of LW into channels (Figure 6E;
Seo et al., 2010).

Along water streams, the relationship between forest health and
flood risk is more complex. While the afore-discussed benefits of
healthy forest structures also hold true along the streams, the close
interactions with the water dynamics lead to more aspects that
need to be accounted for in the management of riparian forests.
This is particularly the case due to the ambivalent role of existing
in-channel LW and vegetation that could become LW during a
flood event. As described, dead in-channel LW and vegetation in
the floodplain or on aligning slopes have the potential to deliver
valuable services for the reduction of flood hazards. The objectives
of forest health stand in line with it as the diverse structures
and high volumes of deadwood and growing stock increase the
flow resistance. Further, the multilayered structures and different
successional patches enhance the root penetration which positively
affects streambank (Simon and Collison, 2002; Docker and Hubble,
2008; Gasser et al., 2020) and slope stability (Moos et al., 2016;
Vergani et al., 2017; Gasser et al., 2019). Moreover, these structures,
translating in more and thicker stems, are likely to better retain
already mobilized in-channel debris and to better keep deadwood
than forest stands with fewer volumes of growing stock and less
complex structures on the ground that could benefit the locking.

Further, a forest management that follows the objectives of
forest health benefits the continuous LW supply. The different
layers and successional patches support the regular supply of LW
with different size distributions. In contrast to timber-focused
forest management, this management would also facilitate the
supply of long and stable LW, such as full tree stems. These can
act especially in small and medium channels as key pieces for the
development of persistent LW dams with their beneficial effects on
water retention.

However, the in-channel LW and riparian vegetation might
exacerbate the flood hazard in case they are mobilized during the
flood event. Therefore, if located close to infrastructure susceptible
to LW, the forest management objective of forest health might
collide with the interest in flood risk reduction. Here, however,
deadwood plays only a subordinate role for hazard creation. This
is, as described, related to its lower proportions and its shorter and
less stable characteristics compared to fresh LW (Rickli et al., 2018;
Schalko, 2018). Higher volumes of deadwood in healthy forests
might increase the proportions but as the overall contribution of
deadwood from riparian forests is low (Steeb et al., 2017), this effect
is likely to be negligible.

Another concern that potentially affects the management
toward forest health objectives, is that disturbed forest areas could
largely contribute to the mobilization of LW and thus should be
cleared, as it has been discussed for example for the 2005 floods
in Switzerland over wind throw forests. While the investigations
of Waldner et al. (2007) in this regard found that storm-damaged
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wood was present, its overall contribution to the LW amounts
was relatively small. The LW amounts were shaped majorly by
the downstream erosion of deciduous trees. Similarly, it is likely
the case for forest areas affected by bark beetle calamities and
wildfires. Bark beetle calamities, which are widely present in many
German low mountain ranges, result in large areas with standing
deadwood. Here the potential to exacerbate the clogging is likely
even lower compared to storm-hit areas, as once the dead tree
stems fall, they will show lower stabilities and sizes due to different
decomposition processes. Likewise, this is potentially the case for
forest areas that were affected by wildfires. It was found that fire-
affected LW is less complex (Vaz et al., 2011) and, thus, has a
lower clogging potential. Different forest disturbances, such as
wildfires,2 will increasingly come along with climate change and
therefore also influence LW dynamics. This will further exacerbate
the predictability of how and from where most of the LW is
mobilized (Swanson et al., 2021). However, so far there are no
indications that deadwood from disturbed areas, and consequently
the objectives of forest health, contributes over proportionally
to the overall LW volumes mobilized during a flood event and,
therefore, should be cleared. On the contrary, a clearance could
lead to higher erosion rates and trigger mass movements potentially
transporting LW.

The major risk of healthy forests in areas that are susceptible
to LW is therefore not stemming from their contribution to
deadwood supply but from the mobilization of high volumes of
uprooted vegetation during a flood event, especially in medium
to large channels. Here particularly late successional patches
with outgrown trees pose a risk due to their high potential in
contributing to clogging of bridges. As such, in line with the
guiding framework by Gasser et al. (2019), this work suggests
to remove big trees with a high LW potential in riparian areas
close to susceptible infrastructure. While Gasser et al. (2019)
provide guidance under which conditions of the channel and
adjunct slope the positive services of forests could be outweighed
by the potential of being transformed to hazardous LW and
suggestions on how vegetation should be (re)structured, no
information on deadwood management within these areas is
provided. The findings of this work suggest that deadwood from
riparian forests play only a negligible role in the severity of
the flood hazard. Therefore, in line with the objectives of forest
health, we argue that deadwood in riparian forests and adjunct
slopes should remain. The existence of high deadwood volumes
might also partly compensate for the preventive removal of
big trees to reduce the LW potential as suggested by Gasser
et al. (2019). The preventive removal will negatively affect
the inner forest climate and therefore the success of natural
regeneration that is essential for continuous root penetration.
The existence of deadwood will support the upcoming of
natural regeneration due to its water-storing properties. Further,
during flood events, it can provide higher flow resistance and
direct the water into the forest stand. In case the risk of
large deadwood sizes is considered too high due to potential
high erosion rates or the probability of landslides engineering

2 The aspect of forest fires and burned LW and its ES was investigated by,
e.g., Vaz et al. (2021) and Iskin and Wohl (2021), however, without linking it
to flood hazard.

approaches should be considered, especially, downstream of areas
that are not accessible for LW removal, e.g., due to difficult
terrain or environmental regulations. Further, the concision of
deadwood might be an approach to decrease the risk of clogging,
as already suggested by Bänziger (1990) three decades ago,
while maintaining most of its beneficial properties inside the
riparian forest.

6. Conclusion

This study has elaborated on the relations between the two
forest management objectives of forest health and flood risk
reduction. For this, we have provided a theoretical background
on related concepts and have presented a working-definition for
forest health. The different aspects of how a forest potentially
can affect the flood hazard have been reviewed. This included
the forests’ influences (1) on the discharge of water from the
landscape into channels, as well as (2) its influences on the
characteristics of the channel and its riparian area and their
respective influence on the transport of water, sediment, and
debris. The review’s results and discussion suggest that the two
objectives are largely synergetic. However, in direct proximity
to watercourses trade-offs might occur. This is especially due
to the ambivalent relation of living vegetation and deadwood
to flood hazard. In places where no susceptible infrastructures
to clogging exist, diversely structured vegetation and deadwood
should be supported due to its beneficial effects on water retention
and channel characteristics. Here, the objectives of forest health
and flood risk reduction are aligned. In places where susceptible
infrastructures exist, trade-offs between the two objectives arise.
Here the potential of freshly uprooted vegetation to cause damages
should be reduced while maintaining the vegetation’s supportive
characteristics, e.g., concerning bank and slope stability. For this,
primarily the adjustment of existing vegetation structures toward
a better root penetration should be targeted while reducing the
prevalence of high growing stocks that could result in large
and stable LW sizes. Where the risk of clogging is perceived
as too high, also the selective removal or shortening of dead
in-channel wood can be considered. However, based on the
literature review the risk deriving from dead LW is evaluated as
comparability low. This is related to its generally lower proportions
and its smaller and less stable characteristics compared to freshly
uprooted vegetation. In this regard more research needs to be
conducted. More insights on the proportions and sources of
dead and fresh LW after flood events are necessary to better
evaluate the respective roles and, therefore, to deliver a better
foundation for the connections and suggestions made in this
review. Furthermore, more studies are needed focusing on low-
ranging mountains as well as floods spanning several orders of
magnitudes (ranging up to 500–1,000 years events like the flood
in the Ahr valley). Lastly, we want to acknowledge that forest
health and flood risk are only two of the various objectives shaping
forest management. Therefore, the findings of this review should be
seen as a contribution toward a comprehensive forest management
taking different interests into account.
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