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Abstract: The dating of past landslide events is one of the most crucial aspects of landslide research,
leading to a better understanding of past landslide activity. Landslides can be extremely dangerous
natural hazards, and thus, solving the relationships between their activity and climate variations
is of high importance. For these purposes, data about past landslide activity are fundamental for
such analyses. Various methods of landslide absolute dating exist, but the most precise approach
that dates back several centuries is based on tree-ring analysis (dendrogeomorphology). Landslide
movements can affect the growth of trees in response to specific growth disturbances. Although
dendrogeomorphic methods are successfully used for dating other geomorphic processes, their use in
landslide research is actually the most frequent. Dendrogeomorphic research on landslides is strongly
influenced by general approaches of landslide signal extraction from tree-ring series of disturbed
trees and by the type of landslide (varying by morphology, material and mechanism of movement).
This study provides an overview of basic aspects of dendrogeomorphic research on landslides, and
more specifically, it reviews basic tree-ring-based approaches of landslide dating. Presented review
focuses on various landslide types and their effect on dendrogeomorphic dating. This review is built
from the extensive database of all accessible dendrogeomorphic studies of landslides from 1893 to
2020. Moreover, recommendations for specific sampling and approach choice in individual landslide
types are presented. Finally, limits of tree-ring-based approaches are presented, including provided
proposals for further research.
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1. Introduction

Landslides are frequent forms of relief and dangerous natural hazards [1]. Negative
effects of landslide movement may be visible, e.g., in damage to roads (e.g., in 2013, a
large landslide disturbed the construction of a key highway connection in the northern
Czech Republic [2]), forests, buildings or even fatalities [3]. Under certain conditions,
landslides can cause damming of streams. Longitudinal profiles of affected streams are
significantly modified, and accelerated erosion is a frequent response. A wide spectrum of
landslide types exists [4-6], and they differ in morphology, inner structure, development
velocity and movement mechanism. Moreover, landslide types differ in their predisposi-
tion and triggering factors. Landslide triggers are usually specific to the landslide type,
e.g., high-magnitude and short-duration rainfalls play a crucial role in the triggering of
shallow landslides, earth flows or debris slides [7,8]. Conversely, medium-magnitude
and long-duration rainfalls are significant triggers of deep-seated landslides (DSLs) and
deep-seated gravitational slope deformations (DSGSDs) [9,10]. Flood events can generate
landslide movements on undercut riverbanks [11,12]. In addition to hydrometeorological
triggers, seismic activity during earthquake events plays a crucial role in the activation of
several thousand landslides in affected regions (e.g., landslide calamity following the 2008
Wenchuan earthquake in China; [13,14]). According to [15], an M < 5 earthquake is able
to trigger landslides at an epicentral distance <1 km under suitable geological conditions.
In addition to natural triggers (various precipitation patterns or seismicity), significant
damage can be caused due to landslides induced by anthropogenic activities that are
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connected with artificial shaking (usually small size landslides) and slope undercutting
during road building [16] or increasing water pore pressure during artificial dam soaking
(e.g., the Vajont landslide in 1963; [17]).

As landslide activity is closely related to hydroclimatic conditions, a detailed un-
derstanding of the climate-landslide relationship is of particular importance, as climate
changes are expected to occur in the future [18]. Nevertheless, for these purposes, knowl-
edge of past landslide activity is crucial. Unfortunately, such data are usually very rare
or completely missing. [19] noted the limitations of archival data (difficult comparison of
data from different sources or impossible determination of exact locality). In such cases,
methods of absolute dating can provide useful insight into past landslide activity. The
use of radiocarbon dating methods is very frequent in landslide research; radiocarbon
dating methods use organic material incorporated in a body of old deep seated landslide
or accumulated in landslide-related depressions (near-scarp or inter-colluvial depressions
or landslide-dammed lakes) [20]. The U/Th dating approach is more robust in dating
speleothems (compared with *C) on exposed carbonate walls [21]. Moreover, the moment
when fine sediment is buried by landslide material in a landslide event can be determined
using optically stimulated luminescence. Methods using cosmogenic radionuclides are
suitable for dating the moment of rock wall exposure due to landslide movements [22].
Unfortunately, these methods are often high-cost and require a large number of samples to
obtain meaningful results, and some landslides are not suitable for their application.

In contrast, methods based on the dating of tree rings (dendrogeomorphology; [23])
are very cheap, and many samples can be processed in a relatively short time. These
methods are applicable in locations where trees occupying landslide surfaces form annual
increments in the form of tree rings. Dendrogeomorphic methods can provide data of past
landslide activity ranging several hundred years in the past [24] with seasonal precision [25].
Their principle is based on the ability of trees to record external disturbances in tree-ring
series. Landslide movements can induce various types of external disturbances (e.g., tree
tilting) depending on the landslide type. Trees subsequently respond to such external
impacts by specific growth disturbances that are recorded in the tree-ring series of affected
trees [26]. Landslide properties (velocity, depth of shear zone, movement mechanism,
magnitude of surface deformation) seem to be crucial factors influencing the type and
intensity of growth disturbances. As dendrogeomorphic methods are dependent on the
presence of growth disturbances in tree-ring series, various landslide types can be dated
using a tree-ring approach with varying precision and success. Some landslide types may
not be datable. The success of landslide dating depends on the method used for landslide
signal extraction from tree-ring series. Again, various approaches to signal extraction exist.
Their application is not only dependent on the landslide type and induced disturbance,
but tree species also play an important role. Results obtained using dendrogeomorphic
methods can be useful for urban planners of insurance companies because the research can
provide data about the most dangerous parts of landslide areas or the recurrence intervals
of landslide events. Although dendrogeomorphic methods are generally meaningful
and useful approaches for landslide dating, several limitations still exist that should be
minimized during future research (e.g., defining of optimal age structure of sampled trees,
filtering of tree-ring signals coming from various landslide types, or defining the general
sensitivity of trees to landslide movements).

Based on the abovementioned aspects of dendrogeomorphic landslide dating, the
aims of this paper are (i) to provide an overview of tree-ring-based methods for past
landslide event dating, (ii) to review the effect of various methodical approaches on the
results of landslide dating, (iii) to review the specific effects of various landslide types on
tree-ring-based dating, and (iv) to provide an overview of limitations and research gaps
and provide suggestions for solving these problems in future dendrogeomorphic research.
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2. Methodical Overview
2.1. Principle of Tree Growth Responses to Landslide Movements

The general principle of tree growth vs. geomorphic process interactions (on the basis
of dendrogeomorphology; Figure 1) was described already by [26]. However, the basic
principles are applicable to the problem of landslides, as introduced by [27]. Landslides
affect tree growth in several ways. Hidden subsurface movements can cause damage to
root systems. Undulation of landslide surfaces during movement can cause destabilization
of tree stems and their tilting. Intensive tilting can cause the contact of neighbouring stems
and mutual wounding or decapitation. Each of these external disturbances induces a
specific tree growth disturbance response [28].

Process Event Response
Tangential rows of
. traumatic resin ducts
Root damages \ Callus tissue
Stem burial - > Growth decrease
~
Root exposure Compression

/ Hood
Tilting of stem \
Eccentric growth

Figure 1. The principle of landslide vs. tree growth interaction (adapted after [26]).

The most common external disturbance induced by landslide movements is tilting
of tree stems [29]. Trees subsequently try to recover to their original vertical geotropic
growth by two basic growth responses. Coniferous tree species start to produce a so-called
compression form of reaction wood. It is a specific wood structure with a high density and
darker colour formed on the lower side of tilted stems [30]. In contrast, broad-leaved trees
create a tension form of reaction wood on the upper side of tilted stems [31]. This wood
structure has only slightly different colours compared to normal wood; thus, tension wood
is hardly macroscopically distinguishable (but nevertheless observable; [32,33]). Tree rings
composed of reaction wood are usually wider than normal tree rings. This increased tree-
ring width on one side of the stem is compensated by distinct tree-ring narrowing on the
opposite stem side [34]. The effect of this asymmetric growth is tree-ring eccentricity [35].

Some plastic landslides with low-viscosity material can cause the burial of tree stems.
If trees survive such events, they usually suffer from increased edaphic pressure on roots
or limited water and nutrition supplies [36]. This growth discomfort usually results in
decreasing annual increments and abrupt growth suppression [37,38]. The same growth
response can occur under different circumstances (abrupt growth suppression can even be
induced by subsurface damage to the root system). In contrast, in some cases, trees can
profit from the supply of buried material. This state can occur when the material is rich in
water and nutrients, as demonstrated, e.g., by [39], for fine-grained limestone debris. In
such cases, trees respond by growth release [40]. Landslide-induced scars can have a very
prolonged shape when they originate due to a falling neighbouring tree [41,42]. Generally,
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smaller scars originate via the impact of falling rock from landslide rocky scarp. [25] dated
one phase of landslide reactivation based on tree scars with the aforementioned origins.

Exposed tree roots in tension cracks (if the trees survive) usually respond to new
atmospheric conditions at the anatomical level [43]. The use of exposed tree roots in
dendrogeomorphic research is very rare [44], but [19] demonstrated good synchronicity
between tree root data and tree stem data. Moreover, [45] tried to estimate the rate of
landslide movements based on tree root exposure data. Tree growth responses to landslide-
induced external disturbances are rarely single and occur simultaneously. This finding
particularly applies to reaction wood and tree ring eccentricity; however, reaction wood
can also be accompanied by abrupt growth suppression [42]. The modification of primary
growth responses by other factors can generate similar growth disturbances recorded in
trees but induced by different processes. [32] expected the same tree growth responses
induced by creep movements (slow movements of shallow slope weathering mantle; [4] as
by large deep-seated landslides).

2.2. General Dendrogeomorphic Procedure

The first step in dendrogeomorphic research is choosing a suitable study site. The
key aspects of this choice are the recent activity of landslides, the presence of living trees
on the landslide surface and the geographical position of landslides, all of which ensure
radial tree increments with annual frequency. It is very useful to use orthophotos for
remote areas for this purpose [46]. Infrared satellite images can help distinguish coniferous
and broad-leaved trees or living and dead trees. Subsequently, the landslide activity and
vegetation suitability are verified in the field. The landslide should be geomorphically
mapped at a detailed scale of approximately 1:500. LIDAR-based DEMs (Digital Elevation
Model), orthophotos and GNSS (Global Navigation Satellite System) devices are helpful
materials and tools for this step. During mapping, basic morphological landslide features
are recorded (tension cracks, head and minor scarps, individual landslide blocks, lateral
and frontal lobes, inter-colluvial and near-scarp depressions, etc.). Simultaneously with this
step, the positions of suitable trees for sampling are recorded. Choosing the final trees for
sampling is based on the position of trees on the geomorphic map (i.e., considering the local
landslide morphology) and the intensity of landslide movement on tree growth. Before
the tree is sampled, an inventory of basic tree characteristics is necessary (tree species,
diameter at breast height, tree height, direction and intensity of possible stem tilting, and
social status of the tree [46]).

Sampling can be performed in several ways. Cutting down the tree and cutting off
the cross-section can provide excellent samples where all growth disturbances are visible.
Unfortunately, it is usually not possible to cut such samples, and landslide studies that use
them are very rare [47-49]. Dominantly, studies use non-destructive extraction of increment
cores. Usually, two to four increment cores are extracted using a Pressler increment borer
of various lengths and diameters (most frequently 40 x 0.5 cm). The height of sampling
should be at the position of maximal stem bending [28]. Increment cores are usually
extracted from the lower and upper sides of tilted stems. Additional cores (if necessary) are
extracted from perpendicular directions. Extracted cores are placed into suitable shelters
and transported to the lab [50]. Sampled trees should be located at a regular interval
across the entire landslide, omitting sampling in clusters [51]. Moreover, locations on
sub-horizontal landslide blocks should be preferred to steep parts of landslides and head
scarps [52]. To model climatic variation and detect non-geomorphic influences on tree
growth at the study site, reference trees should be sampled. Reference trees should be
located under microclimatic conditions similar to those of trees on the landslide, and they
should be the oldest trees and absent of any visible external disturbances [53]. Usually, two
increment cores perpendicular to the relief slope are extracted per reference tree.

The laboratory procedure of sample processing has already been described
by [27,29,40,50,54,55]. Individual technical steps include sample air drying, gluing into
wood supports, and sanding by descending sandpaper grits. After samples are prepared,
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dendrochronological processing starts with tree ring counting and marking, realization of
skeleton plots and cross-dating against the reference chronology. The reference chronology
is usually created using ARSTAN software [56]. Cross-dating enables the detection of pos-
sible dating errors caused by the presence of false missing wedging rings. Moreover, a ref-
erence chronology is necessary for filtering landslide-induced and non-landslide-induced
(e.g., due to climate variations or insect attacks) growth disturbances. The cross-dating
accuracy is usually checked using COFECHA software [57]. When tree ring series are
checked and corrected, the identification of growth disturbances follows. Growth distur-
bances can be identified directly on the prepared surface of increment cores in the case
of anatomical growth responses (e.g., compression wood) or using increment curves in
the case of increment disturbances (e.g., abrupt growth changes). Various approaches
for the detection of landslide signals in growth disturbances exist, but three of them are
dominant: analysis of abrupt growth changes, detection of reaction wood, and analysis of
tree-ring eccentricity. After all landslide-induced growth disturbances are identified and
dated, the chronology of landslide events can usually be compiled using the event-response
index (the proportion of trees with landslide signals from all sampled trees alive in a given
year; [26]). The spatial distribution of landslide activity can be reconstructed using the
recorded positions of analysed trees [25,27,51].

2.3. Dendrometry

Trees not only serve as a source of tree rings for dating, but the general morphology
of tree stems can also provide important information regarding landslide behaviour [41].
Moreover, dendrometric analysis is often a necessary step preceding tree sampling. Den-
drometry involves the measurements of various tree parameters (diameter, size, volume,
etc.). From a dendrogeomorphic point of view, the most interesting parameters are the
degree and direction of stem tilting. The landslide movement mechanism and the cor-
responding inner structure can be estimated based on the intensity and direction of tree
stem tilting [58]. The tilting of tree stems is usually used as evidence of landslide activity;
nevertheless, detailed analysis of tree tilting data with a large sample size can provide
more detailed information. [59] used tree tilting data from approximately 1800 individuals
of Picea abies (L.) Karst. to estimate the landslide movement mechanism. [60] analysed
the orientation of reaction wood as an indirect indicator of the landslide movement di-
rection. [23,34] described tree tilting aspects in detail. This approach is referred to as
dendrometry, but [61,62] use the term dendroinclinometry. Large landslide areas often
have complex morphologies with different activities and movement mechanisms in dif-
ferent parts [63,64]. Detailed analysis of tree stem tilting enables the estimation of parts
of landslides with rotational or translational movements; however, additional research is
needed because contrasting observations have been obtained. In general, trees that grow on
rotational landslides are tilted upslope [65]; however, [66] assume a bimodal differentiation
of the tree tilting direction. Conversely, [65,67] assume a monomodal stem inclination
in the case of trees that grow on translational landslides. However, [68] assume only a
weak stem inclination for this type of landslide movement. Chaotic tilting orientations
were observed by [69] in the case of earth flows and by [61,62] in the case of trees that
grow on pressure folds. In addition to the tilting direction, even the tilting intensity can
provide data about landslide aspects. Based on the tree tilting intensity, [59] detected the
presence of an active fault that crosses a landslide area and locally accelerates landslide
block movements. Interestingly, [70] used tree tilting as an indirect indicator of the A.D.
1812 earthquake-induced landslide. He applied the principle of relative dating when
discovering that old trees (older than 1812) expressed distinct stem tilting and younger
trees (younger than 1812) expressed straight growth.

3. Principles and Effectiveness of Landslide Signal Extraction Methods

Various approaches to extracting the landslide signal from tree-ring series of disturbed
trees exist [27]. Some of them have only been used in specific studies (e.g., anatomical



Forests 2021, 12, 261

6 of 19

changes in tree roots—[44,45]—or the presence of scars—[41,47,71]), but a generally dom-
inant number of studies have used three basic approaches: (i) abrupt growth changes,
(ii) reaction wood, and (iii) tree-ring eccentricity. Each of these approaches has different
principles and focuses on different event-response patterns and tree growth response mech-
anisms. Thus, the results of all approaches can distinctly differ, and each of them is suitable
for different tree species, landslide types and mechanisms. Individual approaches are very
often combined and mutually supplemented to reach more credible and robust results.
Basic aspects of the use of the three mentioned dating approaches from all accessible
dendrogeomorphic studies of landslides between 1893 and 2020 (89 papers, 184 landslides,
9434 analysed trees, and 1632 dated landslide events) are reviewed below.

3.1. Abrupt Growth Changes

Plastic landslide masses with decreased viscosity can cause burial of the stem base [27].
They can also cause increased edaphic pressure on the root system in combination with
isolation of roots from water and nutrition [37,72]. Trees growing under stress conditions
usually experience a decrease in annual increments and abrupt growth suppression. The
same growth response can be induced by invisible damage to the root system due to
subsurface landslide movements. In contrast, trees can occasionally profit from burial
by new material when it is rich in water and nutrition [39]. Under such conditions, trees
respond to burial by growth release. Some landslides can be destructive enough to damage
the forest stand occupying it. In such cases, trees surviving in stable positions neighbouring
landslides can profit from a reduction in competitors and can release their growth [73].
Unfortunately, such a response can be delayed and should not be used as the only evidence
of landslide events [40].

The basic and dominantly used principle of detecting abrupt growth change was
published by [74]. The principle mathematically compares tree ring width to the mean
widths of four preceding tree rings (Figure 2). The difference is expressed in a percentage.
The intensity of growth suppression and release can be classified further according to its
intensity into categories of slight, moderate and strong [74]. One of the first uses of this
approach (although in a modified manner) occurred during the 1970s [26,75]. Since this
time, this approach has been used as the singular method in ten percent of all studies.
In combination with other approaches, it has been used in 45% of all studies. Most
frequently, this approach is combined with the detection of reaction wood (26% of all
studies; e.g., [11,76]). This approach is dominantly used to analyse tree-ring series of broad-
leaved trees (78%; e.g., [67]) rather than coniferous trees (22%; e.g., [73]). This difference
is caused by the limited ability of broad-leaved trees to create macroscopically visible
reaction wood. Similarly, it is most frequently used in European studies (78%; e.g., [77])
in comparison to its lesser use in American studies (22%; e.g., [48]). This approach has
been previously used with a relatively low number of trees (37 analysed individuals per
landslide on average). [77] applied the principles of abrupt growth changes to only 17
sampled trees. The mean number of detected growth suppressions or releases per tree in
studies using exclusively this approach was 1.6, and the mean recurrence of reconstructed
landslide events was 6.1 years. Based on the abovementioned statistics, this approach
seems to be relatively sensitive to landslide movements. Nevertheless, [78] did not find
any agreement between the results obtained by this approach and data from field landslide
monitoring. The inconsistency of results can be explained by different depths of detected
movements using both approaches. Finally, both growth changes can occur subsequently,
as demonstrated [63].
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Figure 2. The principle of abrupt growth changes (suppression or release) detection in tree-ring series as a landslide dating
approach (adapted after [74]).

3.2. Reaction Wood

Destabilization of the stem base due to landslide movements and associated changes
in landslide surface morphology usually leads to tilting of the tree stem. The anatomical
growth response to stem tilting differs between coniferous and broad-leaved trees. Conifer-
ous tree compression wood is formed by special cells with rounded shapes, thickened cell
walls and the presence of inter-cellular spaces [30,79]. Compression wood is formed on
the lower sides of tilted stems and is clearly macroscopically visible (Figure 3). In contrast,
tension wood of broad-leaved trees is formed by elongated woody cells with the presence
of gelatinous layers in fibres [80] on the upper sides of tilted stems. Unfortunately, its
macroscopic visibility is very limited [31], and it is usually identified by time-consuming
microscopic analysis [81].

strong compression wood =
| 1 15 12§ T B3
i [ 3 % g E B B3
w A s !i N | i} s 1 =1 : =3 | 4 _I
years
moderate compression wood < |
BEE EEE 1419 £
11 S | A11111011 2
-l L B¢ B 1 & 14 =
RW __._._ e e
onset years

Figure 3. The view of compression wood in tree-ring series of coniferous trees including the increment curves with visible
associated growth release.

Anatomical properties and their macroscopic impacts directly affect the method of
detecting both reaction wood types. Compression wood is standardly macroscopically
identifiable and even categorized according to its intensity [28]. The minimal condition
for considering compression wood to be the result of a landslide event is the presence of
reaction wood cells in at least 50% of tree-ring widths and in three consecutive tree rings [28].
In contrast, tension wood is hardly macroscopically visible, and difficult microscopic
analysis must be undertaken. Thus, this type of reaction wood is much less frequently used
in landslide research. Out of the experimental studies of [31] or [82], the only exceptions
are the studies of [33,81].

Similar to the analysis of abrupt growth changes, the detection of compression wood
was introduced in the landslide literature during the 1970s [26,75]. Only 3% of all land-
slide studies use this growth disturbance detection as the sole dating approach [83,84].
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Nevertheless, this approach is very often combined with other approaches, and in com-
bination, it occurs in 44% of all studies. It is most frequently combined with the analysis
of abrupt growth changes (26% of all studies, e.g., [46,85]). Unsurprisingly, all studies
dealing with compression wood use tree-ring series of coniferous trees. Studies from
North America dominate (67%; [83]) over European studies [86]. In studies working with
compression wood, the mean number of trees per landslide was 32, the mean number of
detected occurrences of compression wood per tree was 2.1, and the mean reconstructed
recurrence interval between the following landslide events was 16.8 years. The impact on
this statistic have probably studies using long-lived trees in North America (e.g., [41] anal-
ysed 400-year-old individuals of Pseudotsuga menziesii (Mirb.) Franco) and Asia (e.g., [24]
analysed a millennium-old Sabina przevalskii Kom.). Nevertheless, as demonstrated by [87],
compression wood is a very sensitive indicator of landslide movements, even on the order
of mm. The systematic use of tension wood as the sole and independent indicator of past
landslide activity is still not realized.

3.3. Tree-Ring Eccentricity

Landslide-induced tree tilting can cause the formation of reaction wood, but this
growth response is often accompanied by asymmetric tree-ring growth. Moreover, tree-
ring eccentricity can occur even without the formation of reaction wood [88], and thus,
several authors suggest it to be a very sensitive approach to past landslide movement
detection [35,89-91]. The calculation of tree-ring eccentricity was introduced by [23], and
the approach was extended by [34]. The eccentricity calculation is a relatively fast and
easy approach, and many authors use it (Figure 4). Its first use for landslide dating was
introduced in the 1980s by [34]. Since that time, many authors have used eccentricity
calculations, but the key question of landslide signal extraction from rows of tree-ring
eccentricity values has been presented only in tree cases. The oldest approach was in-
troduced by [34], and the signal extraction is based on the filtering of eccentricity values
by two moving windows and statistical testing of differences. The second approach was
introduced by [35]. Their approach is based on the comparison of eccentricity values with
data from reference trees. The most recent tree-ring eccentricity-based method of landslide
dating was introduced by [12]. Their approach is based on the detection of abrupt changes
in tree-ring eccentricity.
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Tree-ring eccentricity-based approaches as the sole method are most frequently used
in landslide research (24% of all studies). Similar to previously mentioned approaches, it
is often combined with other methods (43% of all studies). Studies dealing exclusively
with tree-ring eccentricity generally use the highest number of trees per landslide (90 trees
on average). This approach is dominantly used for coniferous trees (82%) compared
to broad-leaved trees [12] and in Europe (92%; [92,93]) compared to in America [91,94].
From all previously mentioned approaches, the tree-ring eccentricity-based approach
provides evidence of the highest mean number of landslide signals per tree (5.5). The mean
recurrence interval of two following dated landslide events is 6.9 years. The mentioned
statistics support the assumption of very high sensitivity of this approach [95,96].

4. Dendrogeomorphic Aspects of Various Landslide Types

Landslide types are usually classified based on the movement mechanism and the
character of moved material [6]. Of course, differences in the depth and character (i.e.,
viscosity) of moved material and movement mechanism can play an important role in
the character of induced external disturbance and intensity of corresponding growth
disturbance. To distinguish the influence of individual landslide types on tree growth, they
were classified according to the modified classification of landslides by [4] provided by [6].
Only those landslide types that were studied in at least three case studies were analysed.
The others were grouped into a standalone mixed group. The oldest dendrogeomorphic
studies of landslides were from 1893 [70], but the first categorization of landslide types was
provided in 1987 by [34]. The most tree-ring-based analyses of landslides that distinguished
individual landslide types has been clearly observable during the last decade (Figure 5). The
number of analysed landslides per type has differed. Although no statistically significant
differences were detected among individual landslide types (with the exception of the
mean number of analysed trees per landslide), some differences occurred (Figure 6).
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Figure 5. The chronological number of landslides analysed by dendrogeomorphic methods including the type of stud-

ied landslide.

4.1. Flow-Like Landslides

The flow-like landslides group (according to [6]) contains a wide spectrum of vari-
ous landslide subtypes with generally moderate to high velocities. For this review (and
considering the various authors’ definitions), only debris slides, mudflows and earthflows
have been considered. The common features of these landslides are plastic movements
with rather moderate velocity and intensive deformation of their surfaces during move-
ment. Nevertheless, these landslides can change slow movement phases when material
deformations are generally concentrated in the main shear zone, and they can change the
acceleration phase when many partial shear zones occur and deformations affect the whole
mass of the landslide [7].
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Figure 6. Comparison of basic dendrogeomorphic aspects in landslides of various types.

This behaviour has a direct impact on trees occupying the landslide surface (Figure 7).
The dominant effect on tree growth occurs during the acceleration phase. In this phase,
trees are affected not only by destabilization of their stems due to surface deformations
but also by very intensive damage to their root systems due to the occurrence of multiple
shear zones at various depths. Although several authors have demonstrated the clear
dominance of abrupt growth suppression above the reaction wood (proportion higher than
60%; [46,85,97]) corresponding to the dominance of root damages due to stem tilting, these
landslide types have been dated mostly by tree-ring eccentricity evidence in the past (42%
of all studies; e.g., [91,98]). The effect of root damage is probably more pronounced and
is able to mask and inhibit the response of trees to stem tilting. Thus, to obtain the most
valuable result during dating of this landslide type, the focus should be on abrupt growth
suppression. Moreover, the most recent study by [52] demonstrates that with this type of

mechanism, there is minimal noise in tree-ring signals resulting from landslides.

4.2. Rotational Landslides

Rotational landslides (in rocks or clay/silt material) have slow to moderate velocities
and dominantly affect weak material. They are the most frequently studied landslide type
using tree-ring-based methods. Studies analyzing them use the highest number of trees
per landslide on average. In some cases, rotated blocks can be built by rigid rock moving
on weak subsoil [99]. No structural controls are observed (isotropic behaviour). The
typical morphology of such landslides comprises a steep main scarp below a back-tilted
main block [100]. Tension cracks can occur above the main scarp. The morphology of the
main rotated block usually does not have distinct inner surface deformations. Rotational

landslides are very dangerous and the affected area can be often fully destroyed.
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Figure 7. The effect of flow-like landslide movements to tree growth.

The effect of this type of landslide on tree growth is simpler than that of flow-like
landslides (Figure 8). The limited presence of internal cracks and plastic deformation
prevent damage to the root systems of trees. This type of landslide damage can be expected
only in the zone of tension cracks, at the border of the moved block, or above the main
scarp. The root damage in these locations is clearly visible. The stretched roots of trees
with shallow root crowns (e.g., Picea abies (L.) H. Karst.) frequently occur on main scarps.
Nevertheless, root damage usually does not affect the structure of detected growth dis-
turbances, among which the occurrence of reaction wood or tree-ring eccentricity fully
dominates, as demonstrated, e.g., by [59]. This clearly suggests the supposed dominant
effect of rotational landslide movement on the tilting of tree stems. As damage to the
root system is limited, abrupt growth suppression cannot inhibit reaction wood creation.
The dominant responses of trees to stem tilting has been observed by [64,101] in the form
of tree-ring eccentricity and reaction wood. Thus, rotated blocks cause only stem tilting
without any additional external disturbances [52]. The mechanism of the rotated landslide
effect on tree growth is well known because 31% of all studies use tree-ring eccentricity
as the sole dating approach, and reaction wood in combination with another approach is
used in 41% of all studies.

Reaction
wood /

Figure 8. The effect of rotational landslide movements to tree growth.
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4.3. Planar Landslides

Planar landslides in rocks or clay/silt material are relatively less frequently studied
landslide types compared to the previous two types (there are only six distinct case studies).
They can move very fast in comparison to rotational landslides because of the absence of
self-stabilizing factors [6]. From a dendrogeomorphic point of view, the minimal internal
deformations in the sliding mass and the possible presence of deep tension cracks at the
slide head are important (Figure 9). The material is moved along a structurally predisposed
shear zone that is often parallel to the surface slope.

Figure 9. The effect of planar landslide movements to tree growth.

The combination of reaction wood and abrupt growth changes is the most frequently
(67%) used approach of landslide type event dating. Tree-ring eccentricity was used only in
one case study. Most likely, the mechanism of landslide movement and limited possibilities
of internal deformations cause similar structures of detected growth disturbances in rota-
tional landslides. Refs. [59,102] detected more than 75% of all growth disturbances induced
by planar landslides in the form of reaction wood. Similarly, [103] detected landslide
events based on the presence of reaction wood and tree-ring eccentricity. Nevertheless,
in some cases, the higher proportion of abrupt growth suppression due to the presence
of tension cracks is not excluded. For example, [19] observed that almost half of dated
growth disturbances occur in the form of abrupt growth suppressions. Even in the case of
planar landslides, it seems that authors are aware of how this landslide type affects tree
growth and adequately combine dating approaches to obtain optimal results. Thus, due to
generally expected landslide surface deformations and possible root damage in tension
cracks, the combination of reaction wood and abrupt growth suppression analysis can be
recommended for future research.

4.4. Soil Creep

Creep movement is very slow (several mm per year) and affects the soil and weath-
ered rock mantle to a maximal depth of one metre [104]. The movement is usually caused
by climatic variations that cause wetting and drying of the surface material. Soil creep
can occur in extensive parts of slopes, but only local occurrence along stable slopes is
possible. Regarding movement, soil creep exists in a continuous form and a seasonal form.
In particular, the second can be locally accelerated [6]. Moreover, shallow creep move-
ments can occur on slopes affected by catastrophic landslide activation several decades
prior [105-107].
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Trees growing on slopes affected by continuous creep movements must gradually
compensate for the continuous tilting of their stems (Figure 10). This process results in a
typical pistol-butted tree form [34,58,66]. During seasonal acceleration of movements, more
intensive stem tilting can be expected, and damage to the root system cannot be excluded.
In such cases, the presence of reaction wood, tree-ring eccentricity and abrupt growth
suppression can be expected. Generally, soil creep can cause problems with dating other
slope movements because it can occur on slopes with the presence of other landslide types.
In such cases, soil creep can simulate the same growth responses as would, e.g., rotational
landslide induction [32]. The quantification and filtering of creep-induced noise from
chronologies of roto-translational landslides was performed by [96,108]. They concluded
by recommending tree sampling on sub-horizontal landslide blocks to eliminate the effect
of creep on the resulting landslide chronologies. Dendrogeomorphic studies of soil creep
as the sole process are very rare, with only four cases. Three of them [32,109,110] used
tree-ring eccentricity as a signal of past creep accelerations. Specifically, [111] used the
maximal tree age in combination with stem dendrometry to estimate the creep rate. The
use of tree-ring eccentricity seems to be a suitable approach for soil creep analysis due to its
high sensitivity, as expected by [91] or [89]. Interestingly, according to the findings of [96],
soil creep movements did not induce any distinct reaction wood responses.

Figure 10. The effect of creep movements to tree growth.

4.5. Complex Landslides

According to the classification by [6], the standalone category of complex landslides
has not been introduced. Nevertheless, the same authors suppose that all landslides
are complex landslides with a combination of several landslide types. Moreover, the
original classification by [4] contains such category. In total, 11% of all dendrogeomorphic
studies of landslides indicated that their studied landslides were complex. Landslides
from this category express heterogeneous morphology, inner structures, and a combination
of various movement mechanisms. Such conditions necessitate a very complex landslide
influence on tree growth. Thus, tree-ring series of trees affected by complex landslides
contain all basic growth disturbances (reaction wood, abrupt growth changes, and tree-
ring eccentricity). Data from all studies working with this type of landslide confirm the
aforementioned assumptions because they use all three approaches in a fully balanced
ratio (33.3%). Subsequently, individual-specific studies provide evidence of a wide and
often contrasting variety of the proportions of individual growth disturbance types. For
example, [46] detected the dominant occurrence of reaction wood comparing the abrupt
growth suppression on studied complex landslides in the French Alps. In contrast, [112]
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found the opposite ratio of both growth disturbances on a complex landslide in the Outer
Western Carpathians. The ratio of growth disturbances contained in the tree-ring series
of analysed trees probably depends on the specific character of complex landslides, i.e.,
which type of landslide dominates (rotational, flow-like, etc.). Thus, the recommendation
for the choice of approach in the case of complex landslides is to base the final decision
on detailed geomorphic mapping of the studied landslide and consider the dominant
movement mechanism.

Unfortunately, a high proportion (52%) of all analysed studies (89) did not specify the
landslide type they studied; thus, their statistics would contain noise from the combination
of data from various landslide types.

5. Challenges and Opportunities of the Next Research

Although dendrogeomorphic methods are generally supposed to be useful tools for
dating past landslide events [27,113,114], some limitations exist, which are necessary to
mention here. Some trees express a low correlation with the reference chronology and
must be excluded from the sample size that can decrease below some critical level (e.g.,
13% of trees in the case of [46]). Next, the use of some tree species is limited due to
the creation of indistinct tree-ring boundaries or too many missing rings (e.g., according
to [115], this problem is prevalent after the tree age of 100 years in the case of Tilia cordata
Mill.). The maximum precision of tree-ring-based dating is seasonal, which is sufficient for
the calculation of landslide frequency but may be insufficient for detailed identification
of a concrete triggering event [116]. The precision of seasonal dating depends on the
physiographical conditions of the site, the length of the vegetation season and the tree-ring
width. Thus, the best results are possible to expect when the event is dated during early
or late wood formation in the case of a very short vegetation season (only weeks or a
few months).

The method employed for landslide signal extraction from the tree ring series can
be another limitation. [46,97] discussed the magnitude of a landslide event that is de-
tectable by dendrogeomorphic methods. Only events with moderate magnitudes seem to
be recordable. Solving this question is possible by comparing tree-ring-based data with
data from long-term field monitoring of landslides. The comparison enables the maxi-
mal and minimal magnitudes of landslide movements detectable by trees to be defined.
Some attempts have already been made. Nevertheless, [94] did not find any significant
relationship between tree ring-based data and monitoring-based data. Next, [85] tested
the effectiveness of spatial reconstruction and found only low to moderate agreement.
The most promising findings were provided by [87], who evidenced the ability of trees
to record landslide movements on the order of several millimetres. On the other hand,
landslide events that have magnitudes that are too high can destroy all trees growing
on it. Nevertheless, [73] confirmed the assumption of such a landslide dating possibility
using the detection of growth release in a tree-ring series of surviving trees located in
positions neighbouring landslide bodies. Thus, dendrogeomorphic dating is not strictly
limited to only moderate magnitude landslide events, but the spectrum is much wider
from movements of millimetres to fully destructive events.

Retrospective analysis of landslide movements cannot solve the question of relief
changes during sliding events (i.e., landslides change their morphology and morphometry
during movement). Unfortunately, this aspect can play a crucial role in the selection of
trees for sampling, as actual affected trees can grow in stable positions in the past, and
vice versa [25,85]. Moreover, some areas of current tree positions (that are evidently stable)
can be affected by other types of slope movements, such as creep (causing the input of
noise into landslide chronology), when the landslide morphology was different in the
past. At least for a detailed description of current landslide morphology, more intensive
work with laser scanning-based DEM can provide detailed insight into this problem and
into specific tree growth responses in various landslide parts dominated by different
movement mechanisms.
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Low number of regional reconstructions of landslide activity is the additional limita-
tion. They can provide a more complex view of landslide behaviour compared with a single
case study; nevertheless, with the exceptions of [68,117,118], such studies are missing. The
next opportunity to increase the usability of tree-ring data in landslide research is the use
of long-lived North American or Asian conifers for the creation of chronologies of several
thousand years long [24]. Landslide chronologies with these lengths can more effectively
bridge the gap between high-resolution dating methods (dendrogeomorphology) and
radiometric absolute dating approaches (14C). The use of shrubs for landslide dating is
rare, with the exception of only one case [60]. While using is in reconstruction of past
landslide activity would distinctly extend the usability of dendrogeomorphic methods
into regions with an absence of trees and the presence of only shrubs. Although dendro-
geomorphic research is concentrated in two major centers in the World, some neglected
regions can provide very suitable conditions for its implementation (e.g., South America
or forested regions of central Asia). Trees covering landslides in these regions should be
suitable enough for dendrogeomorphic analysis if create annual increment in the form of
tree rings. Considering the spectrum of dated landslide types, some sackung-type slope
deformations are practically neglected. Only [67] vicariously investigated this phenomenon
through shallow surface movements. Again, this gap represents an opportunity for future
dendrogeomorphic research. In addition, although tree-ring-based data of past landslide
activity serve as a foundation for the analysis of triggers, detailed determination of rainfall
triggering thresholds is rare, with only some exceptions [68]. Finally, tree sampling using
an increment borer is physically very strenuous. The development of accumulator-based
devices for coring would significantly aid in fieldwork and provide more samples in the
same amount of time.

6. Conclusions

Dendrogeomorphic (tree-ring-based) methods have been frequently used for landslide
research for more than a century, with a dynamic increase in the interest in these approaches
during the last decade. The review of all accessible studies dealing with this problem
discovered a surprising gap in the considering of specific landslide movement mechanism
to character and intensity of tree growth responses. Thus, in addition to providing an
overview of the basic principles used in the tree-ring analysis of landslides, this paper
evaluates the effect of different landslide mechanisms to tree growth responses and discuss
the effectiveness of used methods of analysis. Three basic principles of landslide signal
extraction from tree-ring series exist. Their use is reviewed using a wide database of
landslide studies. Moreover, within the variety of methods used, the different types of
landslides (regarding the morphology, material and mechanism of movements) are studied.
This study reviews the approaches used to analyse individual landslide types and the
detected structure of growth disturbances in sampled trees. Generally, landslides with
limited inner deformation abilities dominantly cause the induction of reaction wood and
tree-ring eccentricity. In contrast, plastic landslides with intensive inner deformations are
evident in tree-ring series as abrupt growth suppressions. The detailed analysis of landslide
morphology and assessment of landslide mechanisms should precede the sampling and
choice of analysis method. Although various limitations of dendrogeomorphic methods
in landslide research exist, many of them can be reduced by solving specific problems or
using new modern supporting data (e.g., laser scanning-based DEM) in future tree-ring-
based research.
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