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ABSTRACT

Gorillas are among the most charismatic and well-researched species on the planet, yet their role as
zoogeomorphic agents has gone largely overlooked. Knowledge on how gorillas contribute to landscape
formation and decay is vital for future conservation planning and habitat suitability modelling. The purpose
of this study is to conduct a content analysis of literature to identify gorilla zoogeomorphic activity and to
aggregate and organize data into nine zoogeomorphic categories. Data obtained was used to provide a
qualitative and quantitative summary of inter/intra-specific gorilla zoogeomorphic activity, and the extent of
literature available on the subject. Categories of gorilla zoogeomorphic activity include: (1) soil scratching
and (2) soil scraping of the forest floor; (3) excavating chambers and holes; (4) bare/semi-bare soil nest site
building; (5) hand/knuckle and footprints; (6) excavating insect mounds; (7) tool use and associated geo-
morphic implications (8) trunk uprooting, and (9) trampling. All four gorilla sub-species (G. gorilla, G.
beringei, G. graueri, G. dielhi) were represented in the literature with evidence presented from nine countries
in central Africa. Nest construction, mound disturbance, and excavated surface depressions were most fre-
quently documented. Nests and mounds each made up 22 percent and excavated holes encompassed 16
percent of the literature. Soil-scraping, tool use, and trunk uprooting were poorly represented, making up 6
percent, 1 percent, and 2 percent of the total literature, respectively.

KEYWORDS Gorilla, Zoogeomorphology, Geomorphology, Primate, Africa

1. Introduction

Gorillas (Gorifla spp.) are among the most charis-  role in sculpting, modifying, and maintaining the
matic and well-researched species on the planet, yet  Earth's physical surface. Animals transport, erode,
their role as zoogeomorphic agents has been largely  and displace earth material through their burrowing,
overlooked. Zoogeomorphology (Butler, 1992) is the  wallowing, trampling (Butler, 1992) and building of
study of animals as geomorphic agents, that is, their dens, nests, and dams (Butler and Sawyer, 2012).
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Gorillas exert an exceptional degree of geomorphic
influence. They biomechanically transform the
earth’s surface by removing and transporting earth
material to exploit food resources within their habi-
tats. Their behaviour elicits a biotic-abiotic two-way
interaction that results in a physical landscape im-
print. This signature then becomes susceptible to

other exogenic forces that initiate and exacerbate
local geomorphic processes, thereby, maintaining
topographic transformation (Fig. 1a). In some cases,
weathered and eroded areas will improve access to
resources which encourages future biomechanical
activity (Fig. 1b). Figure 1 illustrates a conceptual
model of these processes.
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Figure 1 Conceptual model of gorilla zoogeomorphology and associated feedback mechanisms

Currently, reports of gorilla zoogeomorphic ac-
tivity are scattered throughout the literature of vari-
ous disciplines and mostly functions as supplemen-
tary data to primary research goals. Emphasis lies on
phylogenetics, socio-behavioural and feeding ecolo-
gy, with limited zoogeomorphic data. Nest site re-
search has been the most successful in illustrating
the extent of earth material excavated by gorilla.
Their relatively large size and ubiquitous nature

6

makes nest constructions easier to detect in dense
forest landscapes.

Early studies by Schaller (1963) and Fossey
(1983) contributed some of the first accounts of go-
rilla zoogeomorphology. Schaller (1963) published
detailed illustrations of nest site topographic spatial
arrangement and quantified data of surface disturb-
ance stemming from gorilla geophagy.



Table 1 Examples of gorilla zoogeomorphic activity. Impacts cited from Butler (1995)
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Category Species Site Activity Impact Source
Pedoturbation, increased soil
Soil ' 465 50|.I—scratch|ng infiltration, vegeta.tlon rgmoval, Nishihara and
. G. gorilla N-NNP  traces in search of surface and slope instability and
Scratching . . Kuroda, 1991
insects collapse, rock and soil transport,
erosion
2 il L .
5m x 2m bare soi Pedoturbation, increased soil
patch on slopes PO .
created from infiltration, vegetation removal,
Soil Scraping  G. beringei VNP individuals surface and slope instability and Schaller, 1963
. collapse, rock and soil transport,
observed engaging .
. erosion
in geophagy
Holes ranging
between 13 cm- . .
Excavated 30 cm (depth) x 13 erossisgfatcr::sn(]lors‘clc;izIgzta:sllilt?;’n of
Chambers & G. beringei VNP cm=25 cm (width) ' .p P . . Schaller, 1963
. earth material, pedoturbation, pit
Depressions excavated by .
. L and mound microtopography
gorillas digging for
plant roots
Bare & Semi- 1 .gor.llla observed Pit and mound mlcrqtopography,
bare soil digging day nest plant seed nursery sites, erosion,
bottom nest G. beringei VNP into hillside to surface and slope instability, Schaller, 1963
site create a sitting increased soil fertility, transport and
platform deposition of earth material
Gorillas broke Transp(?rt and fiepgsition of ear.th
Excavated material, erosion, increased soil .
. apart 54 P I Tutin and
Insect G. gorilla LR . infiltration and fertility,
Cubitermes sp. . o ., Fernandez, 1983
Mounds pedoturbation of termitaria and soil
mounds
surface
Evidence of 15m? . .
. Erosion, reduction and/or complete
trampled area in L .
. loss of vegetation, increased soil
Tramplin G. beringei VNP bamboo habitat bulk density, soil fertility from Plumptre, 1993
pling ’ g within Mt. Visoke- ) Y. i pire,
.. animal feces, formation of slope
Mt. Karisimba
. treads
saddle region
4 f .. -
Hand/knuckle L . 66 traces o Transport and deposition of earth Nishihara and
. G. beringei  N-NNP  gorilla hand and/or . . .
& footprints . material, pedoturbation, erosion Kuroda, 1991
footprints
Gorilla uprooted . .
Trunl_( G. beringer VNP tree at base to Pitand mouhd mlcrotopo_graphy, Watts, 1989
Uprooting vegetation loss, erosion
break ant mound
1 observation of
female using Breuer,
Tool Use G. gorilla N—NNP detached trunk as Pit and mound microtopography, Ndoundou-

postural support to
test water depth as
she crossed swamp

vegetation loss, erosion

Hockemba, and
Fishlock, 2005




PINON and BUTLER / Revista de Geomorfologie 24(2) (2022)

Two decades later, Dian Fossey (1983) reported
a brief account of a cavern created by seasonal go-
rilla "soil-eating binges on Visoke's ridges" (52), a
phenomenon hypothesized because of the soil's
high calcium and potassium content (Fossey, 1983;
Mahaney, 1993). She observed the subsequent
effect of the surrounding root architecture in adapt-
ing and eventually supporting the ‘eaten’ chasm, a
form of phytogeomorphic activity. Within the same
region, Plumptre (1993) noted extensive trampling
in the saddle region located between Mt. Visoke
and Mt. Karisimba in Volcanoes National Park (VNP).
It was caused by the extensive use by G. beringei as
access trails between resting sites and food sites.
Nishihara and Kuroda (1991) conducted the first and
only detailed field study of G. gorilla soil-scratching
behaviour. They determined this behaviour to be a

seasonal phenomenon exhibited during the wet
season when the soil became softer and easier to
break. Table 1 provides more examples of gorilla
zoogeomorphic activity.

Gorillas are important biomodifiers that con-
tribute to soil displacement, mass movement, and
pedoturbation. Their landscape constructions (e.g.,
Fossey, 1983) create new habitat for sympatric spe-
cies potentially making them ecosystem engineers.
The purpose of this study was to explore gorilla be-
haviour and habitat use through the lens of zooge-
omorphology. A content analysis of literature found
either in print or online within twenty nine journals,
four books, and seven organization webpages
(Table 2) was exhaustively mined to capture the
greatest extent of data possible.

Table 2 Content reviewed (1963-2014)

Journal

African Journal of Ecology

African Journal of Physical Anthropology
American Journal of Primatology

Animal Behaviour

Behavioural Processes

Biodiversity and Conservation
Biotechnology, Agronomy, Society and Environment
Ecological Applications

Folia Primatol

Folia Primatologica

Forest Ecology and Management
International Journal of Primatology
Journal of Applied Ecology

Journal of Biogeography
Journal of Human Evolution
Journal of Mammalogy
Journal of Primatology
Journal of Tropical Ecology
Journal of Zoology

Nature

PloS Biology

PloS One

Primate Conservation
Primates

Stochastic Environmental Research & Risk Assessment
Tropics

Book

Organization

Gorilla Biology: A Multidisciplinary Perspective
Gorillas in the Mist
The Mountain Gorilla. Ecology and Behavior

Mountain Gorillas. Three Decades of Research at
Karisoke

Dian Fossey Gorilla Fund International
The Cross River Gorilla Conservation Program
The Leakey Foundation

World Wildlife Fund
United States Fish and Wildlife Service

World Resources Institute

International Union for Conservation of Nature and
Natural Resources
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Table 3 Identified gorilla zoogeomorphic categories and their descriptions

Category

Description

1. Sail scratching

2. Soil scraping
3. Excavated chambers and depressions
4. Bare/semi-bare soil nest sites
Insect mound excavations
6. Trampling

7. Hand/Knuckle and footprints

8. Tool use

9. Trunk uprooting

Scratching of the forest floor with hands.
Scratching of the forest floor with incisors.
Excavation of soil horizon greater than 13 ¢cm (5 in).

Individual or group nests constructed entirely of soil
or with soil exposed nest cup bottom and
herbaceous rim.

Mechanical dismantling of insect mounds.

Soil compaction along frequently used individual
and group feeding/ranging trails with clear
reduction or complete loss of vegetation.

Soil surface indentations of prints.

Earth surface disturbance resulting from the use of
detached object as a tool.

Uprooting of shrub and tree trunks.

Under the auspices of published zoogeomor-
phology studies on other animals, this study orga-
nized data collected from the literature into nine
categories of gorilla zoogeomorphic activity (Table
3). These include (1) soil scratching (with hands) and
(2) scraping (with incisors) of the forest floor; (3)
chambers and depressions created from surface ex-
cavation; (4) bare and semi-bare soil nest site con-
structions; (5) insect mound excavation; (6) tram-
pling; (7) hand/knuckle and foot prints; (8) surface
disturbance as a result of tool use; and, finally, (9)
trunk uprooting (e.g., Schaller, 1963; Casimir, 1979;
Fossey, 1983; Carroll, 1986; Mahaney, Watts and
Hancock, 1990; Nishihara and Kuroda, 1991; Plump-
tre, 1993; Remis, 1993; Tutin and Parnell, 1995;
Breuer, Ndoundou-Hockemba and Fishlock, 2005;
Wittiger and Sunderland-Groves, 2007).

The knowledge that could be generated on the
zoogeomorphic impacts of gorillas is far-reaching.
Do Gorifla spp. contribute to landscape formation
and decay? If they do, to what extent do they im-
pact and initiate geomorphic processes? This study
begins answering these questions and represents
the first of its kind dedicated to examining existing
data through the lens of zoogeomorphology.

2. Data

Raw data was generated using printed and online
literature published between 1963 and 2014 in
twenty nine journals, four books, and seven govern-
ment and non-profit organization websites (Table
2). Key words such as, “gorilla and nest” or “gorilla
and scratch” initiated the search, and afterwards,
author-supplied key terms and database subject
terms guided future searches. Journals listed in
Table 2 were not initially selected for the literature
review, rather, the list was generated from relevant
articles collected for the content analysis. The pur-
pose of initiating searches using key terms instead
of journals was to mitigate the issue of fragmented
data published in journals from multiple disciplines.
The definition of zoogeomorphology served as a
guide to identify and aggregate the data into nine
categories (Table 3) of gorilla zoogeomorphic
activity.

3. Methods

3.1 Region and species

The tropical climate in central Africa has distinct
long wet seasons (September through June) with
heavy precipitation exceeding 2,000 mm (80 in). The
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dry season (July through August) is brief with pre-
cipitation decreasing towards the east and west
coasts and with increasing latitude from the Equa-
tor. Average annual temperatures range from 25-
28°C (77°F to 82°F) (Kayiranga et al., 2017). Vegeta-
tion is characterized by a patchwork of primary and
secondary evergreen and deciduous mixed-species,
tropical lowland and montane rainforest with
marshy clearings and gallery forests (Mehlman and
Doran, 2002). This region is recognized for its high
level of biodiversity, endemism, and location of one
of the largest tracts of intact contiguous tropical
forest. The Congo and Nile River are the two prima-
ry watersheds in the region. The Congo Basin drains
an area of ~3.8 x 106 km? and contributes 50 per-

cent of all annual freshwater discharge (~1300 km?3)
from central Africa to the Atlantic (Upstill-Goddard
et al, 2017). The Nile River has a drainage area of
3,176,541 km? that stretches across 11 countries
(6,695 km) (Belete et al., 2018).

This study examined peer reviewed articles on
wild gorilla populations (Fig. 2) with no limitations
on the length of the study period. There were no set
requirements for the year of publication. Simply, the
literature was mined as early as zoogeomorphic da-
ta was made available. All four sub-species of gorilla
taxa were included with no preference given to the
number of individuals or size of group observed.
Subjects also included extinct and extant popula-
tions in protected regions of central Africa.

Species Group oy L2
& 4N fa———u A I 25 ) I A
Sl Western Gorilla Rt ey
> e o - Eastern Gorilla A
: : § [P )
el 3
> %
\'/"
1
~— [',," - “,‘
= = 'Y
S
\; : \
L h 0
‘T‘}_;,/_ =
460 230 o/ L1460 Kilomelers
Figure 2 Gorilla population distribution in central Africa
3.2 Analysis by sub-species, protected region, and qualitative

This content analysis was conducted using funda-
mental principles of zoogeomorphology and wildlife
ecology to uncover new insights on existing litera-
ture and guide the systematic classification of cate-
gories and sub-categories. Subject areas in gorilla
habitat use, movement and foraging patterns, and
food and resource selection were mined for
zoogeomorphic activity. Information was organized

10

and quantitative data. Aggregate data sets and
descriptive information was derived using measures
of central tendency (mean, median, mode) and dis-
persion (standard deviation). If data provided in the
literature was a range, the median was taken from
that range (e.g., 13-30 cm depth of excavated hole,
median = 21.5) and that value used in the meta-
analysis.
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4. Results

A total of 106 documented cases of zoogeomorphic
activity were recovered from the content analysis. A
total of nine protected regions in Central Africa
were represented in the content analysis. These in-
clude (1) Dzanga-Sangha Dense Forest Reserve (-
SDFR) and (2) Dzanga-Ndoki National Park (D-
NNP), Central African Republic; (3) Nouabalé-Ndoki
National Park, Republic of the Congo; (4) Volcanoes
National Park (VNP), (5) Virunga National Park
(VINP), (6) and Kahuzi-Biega National Park, (K-BNP),
Democratic Republic of the Congo; (7) Lope Reserve
(LR) and (8) Moukalaba-Doudou National Park (M-
DNP), Gabon; and Dja Biosphere Reserve (DBR),
Cameroon.

Soil scraping, tool use, and trampling zoogeo-
morphic activity was least documented in the litera-
ture indicating a critical need for research. The earli-
est documentation of zoogeomorphic activity was
by Schaller in 1963 on his study of G. beringei in
VNP. The latest was a 2014 study on G. gorifla nest
sites in the DBR.

4.1 Soil scratching

Soil scratching is the mechanical manipulation of
the physical surface using fingers and toes. Raking
of soil removes or degrades surface vegetation re-
sulting in decreased surface stability, increased soil
infiltration and pedoturbation of surface material.
Depressions of highly scratched areas can incise and
widen from exogenic fluvial processes that erode
and transport material.

Evidence of scratching was documented among
3 sub-species of gorilla (G. gorilla, G. beringei, G.
graueri) within 5 protected regions (D-NNP, D-
SDFR, K-BNP, N-NNP, VNP). The content analysis
demonstrated that 10 percent (n=11) of the litera-
ture, across all zoogeomorphology categories
(n=106), documented gorilla soil scratching.

Observed scratching bouts were most frequent
with only a single publication (Nishihara and Kuro-
da, 1991) dedicated to this subject. Their article was
the sole provider of photographs of soil scratching
traces. Moreover, their study documented 465
traces of soil that had been scratched at an average
frequency of 0.84 traces/km?.

4.2 Soil scraping

Soil scraping is the mechanical manipulation of the
physical surface using the incisors. Gorillas exhibit
sexual dimorphism in their dental morphology. The
mean length of a canine pair ranges from 10.8 mm
(adult female, Booth, 1971) up to 33.58 mm (adult
male, Manning and Chamberlain, 1994) making
them efficient soil masticating machines. Soil scrap-
ing was documented among G. beringei only. This
form of zoogeomorphic activity results in decreased
bulk density, increased soil infiltration, and loss of
surface stability from earth material removal (e.g.,
rocks, ground vegetation). Evidence for scraping
consisted of identification of disturbed sites, bout
observation, and indirect evidence (e.g., soil
smeared gorilla faces, Schaller, 1963). The content
analysis returned documented evidence of 4 sites
where gorillas had scraped the floor. Tooth marks
were located on small, vertical bluffs situated on
exposed layers of quartz and white stone (Schaller,
1963). Schaller (1963) noted a scraped soil patch
located on a slope on Mt. Mikeno, VNP, that meas-
ured 5 m long x 2 m wide. Literature was scarce on
this subject with scraping data making up 6 percent
(n=6) of all zoogeomorphic data retrieved from the
content analysis (n=106) across all categories.

4.3 Excavated chambers and depressions

Digging by gorillas leaves significant physical im-
pressions on the landscape that vary in size and
shape. Biomechanical transformation of the land-
scape leads to pedoturbation and erosion; and if
located on slopes, the movement of material
downslope and backfilling of holes (Butler, 1995).
Excavations for this category range as small as 17
cm? (derived from meta-analysis) of displaced soil
from plant uprooting to large caverns created from
incessant geophagy by gorilla groups (e.g., Fossey,
1983, 53). Publications documenting this type of
zoogeomorphic activity mostly encompassed gorilla
digging bouts. A meta-analysis of this data returned
a total of 8 observations of gorillas digging holes,
mostly for sub-surface plant parts to consume. In
one of those instances, an author noted holes creat-
ed from the ripping and dismantling of grass and
mud by a gorilla during a display behaviour
(Wittiger and Sunderland Groves, 2007). Only two
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articles (Schaller, 1963; Yamagiwa et al, 1991)
measured hole dimensions. 16 percent (n=17) of
zoogeomorphic peripheral data recovered from the
content analysis (n=106), across all categories, pro-
vided documentation of pits and depressions. Three
subspecies (G. diehl; G. beringei, G. graueri) within 5
protected areas (K-BNP, KGS, ViNP, VNP) were
found to be zoogeomorphically active. The most
significant report of landscape formation was the
creation of a large cavern (no dimensions provided)
located in VNP that had been so highly incised from
gorilla geophagy that it became large enough to
allow individuals to enter and feed on the sall
(Fossey, 1983).

4.4 Bare/semi-bare soil bottom nest site

Gorillas construct day and night nests with limited
topographic restrictions on location. Nest construc-
tion results in morphological changes to the surface
that include pit-mound topography, surface insta-
bility, pedoturbation, and erosion. Constructions
have been found on ridges, saddle regions, and
variable slope (flat-40°) terrain. Because of their
conspicuous nature, they are one of the most re-
searched zoogeomorphology categories (22% of
literature included in content analysis, n=106). For
this study, only nest sites with fully exposed and
partial-bare soil nest cups were considered. Zooge-
omorphic activity found in the literature includes
direct and indirect evidence of nest site construc-
tion.

A meta-analysis of the data revealed a total of
2851 individual soil nest sites with an average life
span of 4.3 days for bare soil sites and 19.1 days for
semi-bare soil nests (Blom et al., 2001). A total of
379 group nesting areas were counted where either
all individuals in the group constructed a soil nest or
at least one soil nest was accounted for in the litera-
ture. Only one observation of a gorilla engaging in
day nest construction was found in the literature.
Unfortunately, only a single depth measurement of
a nest cup (38 cm) was recovered from the literature
from Schaller (1963). He also noted a nest rim made
from nearby vegetation constructed 61 cm high
from the surface. The gorilla rested on the soil
bottom.

12

4.5 Excavated insect mounds

Gorillas search for surface and subsurface dwelling
insects (e.g., ants, termites) to consume by mechani-
cally dismantling or digging up mounds. Fragments
are then further broken apart to reveal insects
(Cipolletta et al., 2006). It is a patchily distributed
and seasonal behaviour that results in faunal turba-
tion of termitaria and surface soil, and in situ weath-
ering and erosion of mound pits. Four articles docu-
mented zoogeomorphic impacts from mound exca-
vation for G. gorillaand G. berengei within four pro-
tected areas (i.e., D-SDFR, D-NNP, LP, VNP). Data
consisted of observed bouts of mound dismantling,
number of visits to mounds, and evidence of dis-
turbance where there was no gorilla present but
adjacent knuckle prints were clearly visible next to
mound. A meta-analysis of data in the literature re-
vealed that soil particles ranged in size from 3 cm to
50 cm wide (X=13.5 cm, n=203). Cipolletta et al.
(2006) recorded soil bits that reached 5cm in length.
540 bouts of gorillas excavating mounds were docu-
mented with a total of 150 observed minutes. On
average gorillas spent 25 minutes breaking apart
mounds. A total of 764 affected mounds were ac-
counted for in the literature. 506 were insect nests
constructed against large trees. 9 nests had to be
dug out of the ground, and 94 were free-standing
mounds. 96 broken mounds were broken to harvest
Cubitermes sp and 5 to access Dorylus sp. A total of
446 (x=111) visits to mounds were counted. No data
could be found on the extent of displaced soil or
size of pits created.

4.6 Trampling

Trampling occurs when frequently used areas result
in a visible contrast between degraded areas of
vegetation loss and adjacent areas with intact sur-
faces. Trampling alters plant communities by com-
pacting the soil and influencing infiltration rates and
leads to physio-chemical changes from compaction
and deposition of faecal matter (Butler, 1995).
Trampling has been documented among eastern
gorillas (G. beringei, G. graueri) within VNP only. G.
beringei had the greatest impact in bamboo habi-
tats with a total of 10 m? of affected area and in the
saddle region of VNP, evidence of 5 m? (Plumptre,
1993) of trampling. A meta-analysis of G. graueri
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ranging data gathered from Yamagiwa (1991) re-
turned a total average distance travelled (m) be-
tween feeding sites of 695 m. From that total, 237 m
were travelled between two ant feeding sites and
the remaining 458 m were between ant feeding sites
and “other” (250) feeding sites. Gorillas targeted 8
sites located on ridges and 10 sites on slopes (no
percent gradient provided). Although no evidence
of trampling was provided, the author cited fre-
quent insectivore during the wet and dry seasons.
This leads to the assumption that some degree of
trampling exists on the condition that the same
feeding sites are consistently targeted. To gain an
understanding of potential pressure exerted on the
surface from ranging, a meta-analysis of average
touch-off pressure (N/cm?) data (Matarazzo, 2013)
was conducted. Seven captive individuals (3 silver-
backs, 4 adult females) exert a total average pres-
sure of 14.07 N/cm?/hand (20.41 Ibs/in% 28.14
N/cm?, 40.81 Ibs/in? for both hands) and an average
2.01 N/cm%hand (291 lbs/in% 4.02 N/cm? 5.83
Ibs/in? for both hands) of pressure per individual.
Gorilla groups range from 2-30 individuals per
group (Schaller, 1963), therefore, the degree of
pressure exerted on the earth’s surface ranges be-
tween 8.04 N/cm? (11.6 Ibs/in?) of pressure for small
groups and a maximum 120.6 N/cm? (174.9 lbs/in?)
of pressure for large groups. These values will vary
with group structure, area, and habitat use. The pri-
mary argument is that gorillas have the potential for
extensive trampling and transformation of surface
dynamics. Further research is needed to document
their zoogeomorphic imprint.

4.7 Hand/knuckle and footprints

Gorillas  exhibit primarily quadrupedal knuckle-
walking locomotion with occasional bipedalism
(Matarazzo, 2013). Their weight (136-68 kg) and the
extent of surface area covered by their foot and
knuckle prints initiates variable degrees of geo-
morphic influence on access trails. Transport and
mixing of soil occur when dirt is sucked beneath
their feet and hands and is deposited in other loca-
tions. These effects are pronounced in soft terrain
such as mud and sand where imprints can be deep.
A meta-analysis of Schaller's (1963) measurements
of gorilla tracks returned an average disturbed sur-
face area of 134.4 cm? (12.8 cm width by 10.5 cm

length) for one knuckle print and 409.2 cm? (15.1 cm
width by 27.1 cm length) for one footprint. Theoreti-
cally, if all four extremities are considered, one indi-
vidual has the potential to impact 0.026 m? of sur-
face area with both knuckles and 0.081 m? with both
feet in a single step. Gorillas exhibit an even distri-
bution of surface pressure along their knuckles
when they touch-off the ground during movement.
A total of 466 tracks and 54 trails with clear foot and
knuckle prints were accounted for in the literature.
Cipolleta et al. (2006) noted G. gorilla knuckle prints
during 13 days in the field. The content analysis in-
dicated studies documenting surface disturbance
from foot and knuckle prints was scarce compared
to other zoogeomorphology categories. Six indi-
vidual accounts of measured earth disturbance (all
from Schaller, 1963) made up 13 percent of quanti-
fied zoogeomorphic data sets (n=45) available
across all categories. Three cases of either observed
zoogeomorphic behaviour or physical indications of
zoogeomorphic activity made up 5 percent of all
qualitative zoogeomorphic data sets (n=61) availa-
ble across all categories. Together, available data
suggesting the geomorphic significance of gorilla
tracks is a mere 8 percent (n=106) indicating a need
for more research.

4.8 Tool use

The definition of tool use has undergone multiple
revisions and is a behaviour rarely observed among
wild gorillas (Grueter et al.,, 2013). Beck’s (1980) defi-
nition is widely accepted and defines tool use as
“the external employment of an unattached envi-
ronmental object to alter more efficiently the form,
position, or condition of another object another
organism, or the user itself when the user holds or
carries the tool during or just prior to use and is re-
sponsible for the proper and effective orientation of
the tool'. The content analysis revealed one ob-
served occurrence of tool use of geomorphic signifi-
cance. Breuer, Ndoundou-Hockemba, and Fishlock
(2005) documented a female G. gorifla that used a
detached tree branch to probe swampy substrate to
test the water depth in front of her as she attempt-
ed to cross. Within the context of zoogeomor-
phology, emphasis is not on the behaviour but on
the geomorphic implications. The prodding action
and wading by the gorilla contribute to mixing and
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transport of swamp bottom substrate and disrupts
the structural function of hydrophytic vegetation if
disturbed.

4.9 Trunk uprooting

Trunk uprooting is the mechanical displacement of
shrubs or trees resulting in pit-mound microto-
pography which contributes to local soil erosion and
mixing of horizons. The destabilizing effects of trunk
uprooting are pronounced on slopes (Pawlik, 2013)
when the structural root architecture is removed.
Two articles documenting this activity were ob-
tained from the content analysis making up 1.8 per-
cent of all zoogeomorphic datasets (n=106) availa-
ble across all categories. No attempts were taken to
measure the degree of soil displaced from the re-
sulting pit-mound formations. Watts (1989) ob-
served a male silverback uproot a tree trunk to dis-
mantle an ant mound supported by its base. Breuer,
Ndoundou-Hockemba, and Fishlock (2005) wit-
nessed a female uproot a small tree trunk (approxi-
mately 1.3 cm long and 5 cm thick) at the edge of a
swampy clearing. She used the trunk with one hand
to stabilize herself while she dredged aquatic herbs
towards her with the other arm.

5. Conclusion

Gorillas have captured the attention of researchers
from many scientific disciplines, but few studies
have provided detailed zoogeomorphological data
on their impacts on the landscape. Current studies
on these increasingly threatened animals have made
substantial contributions to their protection and
conservation of their habitats. Lacking is research
exploring the role of gorillas as zoogeomorphic
agents.

This study has identified nine categories of
zoogeomorphic impacts by gorillas, all of which re-
quire additional quantification. Those categories
include: (1) soil scratching and (2) soil scraping of
the forest floor; (3) excavating chambers and holes;
(4) bare/semi-bare soil nest site building; (5)
hand/knuckle and footprints; (6) excavating insect
mounds; (7) tool use and associated geomorphic
implications (8) trunk uprooting, and (9) trampling.

Gorilla zoogeomorphic activity presented are in-
tended to lay the grounds for future field study and
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invite new research insights into one of the most
well-explored species on the planet. Research is
necessary to refine our understanding of their role
as bio-modifiers. Without this knowledge, vital
pieces of information could be excluded in future
conservation planning and habitat suitability
modelling.
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ABSTRACT

Landslides represent an important and possibly very dangerous natural hazard. Dendrogeomorphic methods
can provide unique data on the behaviour of landslides in the past by studying the tree-ring series of dis-
turbed trees. Knowledge about past landslide activity in the flysch part of the Outer Western Carpathians is
generally very scarce or missing. The past activity of selected landslides (possibly endangering neighbouring
settlements) was studied using data from 106 increment cores from 53 disturbed individuals of Picea abies
(L) H. Karst. to assess their past spatiotemporal activity. In total, six certain event years and 13 probable
events were detected during the period between 1927 and 2017. Certain events always occurred in groups of
the two following events, suggesting the inertia of landslide movements after the initial triggering. The spa-
tiotemporal reconstruction revealed a distinctly increased activity of movements in the zone of the main
scarp and particularly in the landslide front, which could possibly endanger human infrastructure during its
significant reactivation. However, the reconstruction performed suggests general landslide inactivity since
1997, when the last high-magnitude reactivation occurred.

KEYWORDS Dendrogeomorphology; Landslide; Dendrometry; Outer Western Carpathians; Reaction wood

1. Introduction

Landslide movements can represent a high risk for  understanding these natural hazards and their trig-
the inhabitants living in their surroundings. Damage  gers (Corominas a Moya, 2008). Several possibilities
to buildings or roads is no exception (Kirchner et al.,  of landslide movement monitoring exist, i.e, in-
2000). The activity of slope processes is currently  stallation of extensometers (Klimes$ et al., 2012), re-
one of the most important pieces of information for ~ peated GNSS measurements (Wang, 2011), or digital
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photogrammetry (Chandler, 1999). The use of such
methods can be limited by the necessity of long-
term monitoring and approach precision due to the
lack of obtained information.

One of the oldest known landslide events in the
Hostynsko-Vsetinska highland (Czech part of the
Outer Western Carpathians — one of the most land-
slides-susceptible regions in central Europe (Van
den Eeckhaut and Hervas, 2012)) probably originat-
ed in 1924-1929 (Bil et al., 2014). However, the land-
slide movements recorded a higher interest after
the landslide calamity in 1997, when the extreme
precipitation total amount (re)activated slope
movements in the flysch relief of the Outer Western
Carpathians in the eastern part of the Czech Re-
public and caused extensive damage (Kirchner and
Krej¢i, 2002). The region around Vsetin town was
one of the most heavily damaged (Kirchner and
Krejci, 2002). The main triggering factors of land-
slide reactivation in this region are extreme (high-
magnitude) precipitation totals and intensive snow
melt (often in combination with rain on snow)
(Kirchner and Krejci, 2002).

To determine past landslide activity and
creation of event chronology, dendrogeomorphic
methods can be used as very effective tools in
situations where archival data or long-term
monitoring is missing (Alestalo 1971). The length of
the reconstructed chronology of past landslide
movements can reach several hundred years or up
to a millennium (Zhang et al, 2019), even with
seasonal precision (Lopez-Saez et al, 2012a). The
first mention of the term dendrogeomorphology
was by Alestalo (1971), who described the basic
relationships between slope movements and tree
growth by Shroder (1978), who introduced the
process—event-response scheme that is currently
valid. Later, dendrogeomorphic methods were fre-
quently used for studying various geomorphic pro-
cesses (Stoffel et al., 2008; Bollschweiler et al., 2009),
hydrological processes (Ballesteros et al., 2017;
Stoffel and Wilford, 2012), or geological applications
(Jacoby et al, 1988; Baillie, 2008). Dendrogeo-
morphic methods use the analysis of tree-ring series
of trees disturbed by geomorphic processes of in-
terest (Stoffel and Bollschweiler, 2009). The infor-
mation from disturbed tree ring series can help us

better understand the landslide behaviour in re-
gions of interest (Silhan, 2020). Moreover, data
about past active landslides can be used not only
for the assessment of landslide triggers but also for
the modelling of landslide activities in the future
(Lopez Saez et al, 2012b). Landslide movements
usually cause tilting of the tree stems. The intensity
and direction of stem tilting can be successfully
used to assess landslide movement mechanisms
(e.g., rotational vs. translational movements), as
demonstrated by Silhan (2015).

The aim of this study is to create a spatiotem-
poral reconstruction of past landslide movements in
the forested area near Jablinka village in the
Hostynsko-Vsetinskd highland using dendrogeo-
morphic methods. The partial aim can be summa-
rised as follows: i) to define the frequency and re-
currence of landslide movements, ii) create the spa-
tiotemporal reconstruction of past landslide activity
in map form, and iii) verify the possible activity of
the studied landslide in 1997. The obtained infor-
mation can help with decisions about the extension
of urbanised zones surrounding active landslides.

2. Studied locality

The studied landslide (49.38° N and 17.97° E; Fig. 1)
is located at an elevation of approximately 500 m
a.s.l. in the NW direction from the VIc¢ice Mt. (606 m
a.s.l) in the Hostynsko-Vsetinska highland. The geo-
logical composition of the region is part of the
flysch zone of the Outer Western Carpathians (the
group of the Magura nappes). The area of interest is
located in the Racanska unit of the Belovez layers.
This structure is typical of fine flysch with domi-
nating claystones over locally occurring sandstones
of the Paleocene to Eocene age (Mencik et al,
1983). The average precipitation total amount
reaches 100-130 mm during the summer half of the
year and 130-160 mm during the winter half of the
year (Tolasz et al., 2007). The maximal precipitation
total was recorded in 1997 when the mean five-day
(4-8 July) cumulated precipitation reached 300-400
mm. Several hundreds of landslides in the studied
region were activated during this extraordinary
event (Kirchner et al., 2000).

The landslide of interest has flow-like morpho-
logical characteristics with the expected shallow slip
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surface. The landslide is approximately 300 m long
and 100 m wide. The height of the morphological
indistinct main scarp is approximately 1 m, and the
landslide front is situated on the bank of the Lykovy
stream. The landslide front is morphologically very
distinct, with lobate fresh morphology suggesting
its recent active movements. The evidence of active
landslide movements starts in the middle zone of
the total landslide area with a distinct tension crack
on one side of the landslide. The erosion step is ap-
proximately located in the corresponding position
to the crack on the opposite side of the landslide.
The frontal part of the landslide is covered by juve-
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nile individuals of common spruce (Picea abies (L.)
H. Karst.). The rest of the landslide area is occupied
by distinctly older individuals of P. abjes. The forest
cover in the upper part of the landslide is supple-
mented by juvenile individuals of European beech
(Fagus sylvatica L.). The active landslide front is lo-
cated approximately 400 m above the inhabited
area, on the land of an industrial company. Possible
fast acceleration of landslide movements could
cause heavy damages here, as already happened in
several localities in the studied region (Kirchner and
Krejci, 2002).

Figure 1 Location and geomorphology of the studied locality (1 — main scarp, 2 — terrain step, 3 — minor scarp, 4 —
tension crack, 5 — juvenile trees, 6 — gully, 7 — sampled tree)

3. Methods

The main methodical approach used in this study
was based on studying tree-ring series. Nonetheless,
this method was supplemented by other approach-
es.

3.1 Geomorphic mapping

The first step of fieldwork included geomorphic
mapping (1:100). The mapping was focused on the
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basic structures of the landslide area (e.g., the pres-
ence and location of the main scarp, tension cracks,
gullies, lateral levees; Fig. 1). The positions of all
trees occupying the landslide area were simultane-
ously recorded using a total geodetic station. Next,
the intensity and direction of stem tilting were
measured and recorded using a digital inclinometer
and compass. These dendrometric parameters were
recorded for all trees occupying the landslide sur-
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face (not only the sampled and analysed trees).
Trees suitable for subsequent sampling and den-
drogeomorphic analysis were selected during this
step as well. The trees were selected according to
their positions to equally cover the landslide surface,
as recommended by Corona et al. (2014).

3.2 Field dendrogeomorphic sampling

All selected trees were sampled using a Pressler in-
crement borer (maximum length: 50 ¢cm; diameter:
0.5 c¢cm). Only trees with evident effects on their
growth by landslide movements (tilted or bent tree
stems) were sampled (Kirchner and Lacina, 2004). In
total, 53 individuals of P. abies were sampled, and
their positions were recorded in the geomorphic
map. Two increment cores were extracted from each
tree.

The first core was taken from the lower side of
the tilted stem and another from the opposite side
of the stem. The sampling height was in the position
of the most intensive stem bending. Next, 20 indis-
tinguishable individuals of A. abies growing out of
the studied landslide in the stable position but un-
der similar microclimatic conditions were sampled
for construction of the reference chronology. All
reference trees were sampled in the isoline direc-

A1

PP i

u,

/2 f
i it
At § S

Figure 2 Dated growth disturbances. A —reaction wood, B — abrupt growth suppression

il

NI

3.4 Sample analysis and identification of past
landslide events

The prepared samples were macroscopically ana-
lysed for the detection of growth disturbances in
individual years. The most frequent growth disturb-
ance induced by tilting of the tree stem due to the
destabilization of the tree ground via landslide
movements was reaction wood (Fig. 2; Westing,
1965). The reaction wood in coniferous tree species
is also called compression, whose typical character-
istic is the occurrence of a wide tree ring with a dis-

tion, and two increment cores were always taken
from each tree.

3.3 Laboratory approaches

The processing of samples following standard den-
drochronological procedures (Stokes and Smiley,
1968) preceded the interpretation of landslide sig-
nals in the tree-ring series of disturbed trees. Indi-
vidual methodical steps included gluing the samples
into wood supports and subsequent sanding of core
surfaces by descending rows of sandpaper. The next
analytical step was tree ring counting and meas-
urement of their widths using the dendrochrono-
logical device TimeTable and PAST4 (VIAS, 2005)
software under a binocular stereoscope.

Samples from reference trees were processed in

the same way, and the resulting reference
chronology was compiled in Arstan software
(Holmes, 1994) wusing a double detrending
procedure. Increment curves of reference

chronology and individual disturbed trees were
cross-dated to identify possible false or missing
rings. Moreover, the reference curve was used to
filter climatically induced growth and abrupt chang-

es in tree growth from the geomorphic induced
ones.

il

LA

f IHEFFEEEIs

tinctly darker colour on the lower side of the stem
(Stoffel and Bollschweiler, 2009). The brown-reddish
colour of woody material is caused by thick and
well-rounded cell walls of early and late wood tra-
cheids (Timell, 1986). The initial year of occurrence
(the onset), the number of subsequent rings con-
taining a compression wood structure and reaction
wood type (mild or pronounced following the rec-
ommendation of Lopez Saez et al,, 2012a) were the
recorded parameters of each identified reaction
wood. Mild reaction wood was defined when the
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typical structure occurred in less than 75% of the
tree-ring width, and the pronounced reaction wood
was defined as the occurrence of reaction wood
structure in more than 75% or tree-ring width
(Lopez Saez et al, 2012a). The next observed and
recorded growth disturbance was the abrupt chang-
es in the tree ring widths (particularly decrease) in
the several following tree rings (Fig. 2). Abrupt
growth suppression is usually caused by damage to
the root system by subsurface landslide movements
or by the decapitation of trees. The next causes of
suppressed growth can lie in the burial of stems
based on accumulated landslide material (Gartner,
2007). As the landslide signal in this study, the
abrupt growth suppression had to be at least ap-
proximately 50% compared with the mean tree-ring
width of four previous tree rings (Schweingruber et
al, 1990). Moreover, the intensity of abrupt growth
suppression was evaluated and recorded according
to the percentage decrease value into the two lev-
els. Moderated abrupt growth suppression was de-
fined as a 50-70% decrease, and strong abrupt
growth suppression was defined as a 70% decrease
in the tree-ring width. Next, the duration of such
suppression must be detectable in at least eight
subsequent tree rings (Stoffel and Corona, 2014).

Based on the identification of reaction wood
and abrupt growth suppression, the activity of land-
slide movements was expressed by calculating the
standard event-response (/) index following the
formula of Shroder (1978) as

I, = j—ix 100 (%) (1)

where R is the number of trees with a growth dis-
turbance in year fand A is the total number of sam-
pled and analysed trees alive in year ¢ To prevent
overestimation of values possibly causing false land-
slide events, two thresholds of the / index were de-
fined (Stoffel et al., 2013). Probable landslide events
were defined as years with / values between 5 and
10%, and certain events were defined as years with %
values higher than 10% (Corona et al., 2014). More-
over, at least three trees had to simultaneously con-
tain growth disturbances in their tree-ring series in
the event year. The mentioned values of / thresh-
olds were selected following the recommendation
of Corona et al. (2014) based on the total number of
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sampled and analysed trees on landslides (sample
size). The frequency of detected past landslide
events in each tree was expressed by the recurrence

interval (R), which was calculated using the
following formula:

As
Ri = XLs @)

where A is the age of tree sand L is the total num-
ber of growth disturbances recorded in the tree-ring
series of tree s. The calculated R, values were subse-
quently spatially interpolated using the ordinary
kriging method in Surfer9 software (Golden soft-
ware, 2002).

4. Results

The geomorphic map was created as the first step of
results processing. Next, a total of 53 trees (all .
abies) were sampled via 106 increment cores. The
mean age of all the sampled trees was 80.6 years
(stdev: 20.0 years), while the oldest trees were 107
years old and the youngest sampled tree was 34
years old.

years

104

Figure 3 Spatial distribution of the tree age (black
triangle — sampled tree)

The oldest trees were generally located in the
zone below the main scarp, and their ages de-
creased towards the landslide front, where the
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youngest trees were detected (Fig. 3). The intensity
of stem tilting ranged between 1 and 26° (Fig. 4).
The trees with a maximal intensity of stem tilting
were located in three zones of the studied landslide
surface. Trees occupying the rest of the landslide
surface expressed moderate to low tilting intensity
values. The most frequent direction of stem tilting
was to SSW (19 trees).

Figure 4 Spatial distribution of stem tilting direction
(black triangle — sampled tree)

In general, the trees were most frequently tilted
in the direction between W and S (77 trees) (Fig. 5).
However, it seems that trees do not tend to cluster
based on their tilting, and trees with various tilting
directions are randomly dispersed across the entire
landslide area. In total, 134 growth distributions
(GD) were identified in all 106 tree-ring series. The
occurrence of reaction wood dominated with 94
cases (70.1%) to abrupt growth suppression with 40
cases of occurrence (29.9%).

Each tree recorded 2.5 GD on average (stdev:
1.4 GD; minimum: one GD; maximum seven GD).
The onsets of reaction wood occurred with a
frequency of 1.8 cases per tree (stdev: 0.9 cases),
and abrupt growth suppression occurred with a
frequency of 0.8 cases per tree (stdev: 0.9 cases).
The mild type of reaction wood dominated (75

cases; 79.8%) above the pronounced type (19 cases;
20.2%). The mean duration of reaction wood was
18.2 years (stdev: 17.5 years), with a minimal
duration of two years and a maximum detected
duration of 76 years. Strong reaction wood occurred
in 11 trees in 1941, 1966 and 1997. Other years with
the occurrence of strong reaction wood provided
only one or two trees with this reaction wood type.
Moderate abrupt growth suppression (GS) occurred
in 29 cases (72.5%) and a strong intensity of GS
occurred in 11 cases (27.5%). The maximal
frequency of strong GS in one year was two cases.

W E
S
Figure 5 Graphical presentation of stem tilting direction
frequency

The total chronology length covers the period
of 91 years between 1927 and 2017. The oldest GD
was recorded in 1927, when 26 sampled trees were
alive. The youngest GD was detected in 2013. Reac-
tion wood was recorded at a mean tree age of 29.2
years (stdev: 20.7 years) and abrupt growth suppres-
sion at a mean tree age of 52.6 years (stdev: 23.5
years). Based on the /; index values, six years (1941,
1942, 1965, 1966, 1996, and 1997) can be assumed
to be certain events of landslide movements with
> 10% (Fig. 6). The highest / values were recon-
structed in 1997 (14 GD; /=26.4%). The next highest
I values were reached in 1966 (9 GD; =17.3%),
1941 (4 GD; /=13.8%), 1965 (6 GD; /=11.8%), 1996
(6 GD; =11.3%) and 1942 (3 GD; =10.3%). If we
consider the probable events with 7 thresholds be-
tween 5 and 10%, the chronology of events increas-
es by more than three times (Fig. 6). In total, 19
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years can be supposed as event years with certain or
probable events. The lowest / values were reached
in 1953 (5.2%). The mean R;value for each tree was
39.5 years (stdev: 19.9 years; minimal: 14.3 years;
maximal: 101.0 years). The spatial interpolation of A;
values discovered the most and the least active
landslide zones (Fig. 7). The zone of the main scarp
and the landslide front expressed the highest fre-
quency of past landslide events, and thus these are
considered the most active. In contrast, the general-
ly middle part of the landslide seems to be typical

3

I (%)

Certain events thresholds

with the lowest intensity of landslide activity. Based
on the event-response maps (Fig. 8) in each certain
event year, the spatial development of landslide ac-
tivity can be observed. The first detected reactiva-
tion was located in the middle part of the landslide
and in the zone below the main scarp. The second
phase of movement between 1965 and 1966 shifted
closer to the landslide front. Finally, the last detect-
ed events in 1996 and 1997 were localised exclu-
sively in the front part of the landslide.

Sample size

. Probable events thresholds

Figure 6 The chronology of dated landslide events (=10% — certain events; 10%>/>5% — probable event

5. Discussion

The flysch relief of the Outer Western Carpathians is
a region with frequent occurrences of various slope
deformations (Kirchner and Krejci, 2002). Unfortu-
nately, data about their past historical reactivations
are extremely scarce or fully missing. The zones with
the occurrence of ancient slope failures are the most
frequently affected by new reactivations (Panek et
al, 2011).

This study helped with the collection of
knowledge about past landslide activity in the case
of the selected landslide close to the Jabllinka
village in the Hostynsko-Vsetinska highland, using
dendrogeomorphic methods. Although the studied
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landslide is located close to the inhabited area and
thus possibly expresses a risk, no information about
its reactivations or installed monitoring exists.

With the use of 106 increment cores from 53
disturbed trees (P. abies) occupying the studied
landslide, the chronology of its past reactivation was
created. The chronology was based on the identifi-
cation of reaction wood and abrupt growth sup-
pression. The presence of these GDs and tilted tree
stems suggests the recent activity of the studied
landslide (Stoffel and Bollschweiler, 2009). An im-
portant factor that could possibly affect GD creation
is the age-dependent sensitivity of trees to landslide
movements. According to Silhan and Stoffel (2015),
the ability of trees to record landslide signals in their
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tree-ring series is highest between the ages of 60
and 70 years and the second peak is between 110
and 130 years. In the case of this study, the mean
age when the recorded trees contained the onset of
reaction wood was 29.2 years, but we used different
tree species compared to the mentioned study.
Moreover, the mean age of trees in this study was
only 80.6 years. The very dispersed direction of stem
tilting fully corresponds with the flow-like morpho-
logical character of landslides, when according to
Silhan (2021a), such a landslide does not tend to
induce a one- or bi-modal distribution of stem tilt-
ing direction. Flow-like movements of landslides
probably cause very irregular destabilization of the
ground without any laws compared to landslide
movements with rotational characteristics (Silhan,
2015).

95

Reccurrence interval

(——
—
}—
S—
——

years

Figure 7 The spatial distribution of the recurrence interval
of past landslide reactivations (black dot — sampled tree)

The I threshold for the landslide event defini-
tion was 5% for probable events for our sample size
of 53 trees following the recommendation of
Corona et al. (2014). Using this threshold enabled us
to reconstruct the past 19 landslide event years
(probable and certain) during the last 91 years.
However, it is necessary to note that in eight cases,
the detected events followed one another (eg.,
1941 and 1942 or 1950 and 1951). In contrast, when

the 7 threshold was increased to 10%, the number
of detected events decreased to six cases, but all of
them were grouped in pairs. Such a detected chro-
nology can suggest the specific behaviour of the
landslide body when the reactivation can be strong
enough to have some inertia or can be followed by
the next minor events even several months after its
initiation. This assumption even corresponds with
the observation of Krejci et al. (2002) after the land-
slide calamity in 1997, when the secondary reactiva-
tions occurred even several months after the main
landslide phase in the studied region. A case with
such a situation is, for instance, in 1941 with the oc-
currence of a strong type of reaction wood and the
following year (1942) with the occurrence of a mild
type of reaction wood. For instance, Stoffel and
Corona (2014) suggest using the occurrence of reac-
tion wood with a weak intensity only for verification
of events, but not for direct dating. The other dated
event years are typical of the initial occurrence of
reaction wood with a mild intensity followed by the
event year detected by reaction wood with a strong
intensity. Thus, the occurrence of landslide events at
the turn of the vegetation period can be expected.
Comparing the results of dating in this study with
results published by Silhan (2021b) from the wider
region, event years are confirmed to be 33.3%.
Nevertheless, when considering even probable
events, the agreement with landslide events in the
wider region reaches 42.1%. It is well known that
GDs in the form of compression tree and abrupt
growth suppression exhibit a certain measure of
inertia and therefore cannot be used to date annual
landslide events within a tree-ring series of a single
tree (Stoffel and Corona, 2014). Thus, the aforemen-
tioned successive event years were always recon-
structed from different trees, which allowed the de-
tection of recurrent events.

Unfortunately, the dendrogeomorphic approach
used could not distinguish whether several recurrent
landslide movements occurred during one event
year. Thus, it is even possible and likely that land-
slide movements were repeated in an event year,
but tree-ring based methods only captured one
event year at a time.

Another important aspect of dendrogeomorphic
dating of landslides is the possible delay in GD for-
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mation (Stoffel and Bollschweiler, 2009), which is
especially true for abrupt growth release (Chalupova
et al,, 2020), but was not used in this study. Never-
theless, the influence of this factor on the resulting
chronology cannot be completely ruled out. How-
ever, the number of trees with delayed GD is not
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1996

30
25
20
15
- -~ -~
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very high (Silhan, 2017), and thus, due to the high
number of trees with GD in consecutive years, it can
be attributed to real recurrent landslide events. This
behaviour for landslides in the study region has
been noted by Kirchner and Krejci (2002).
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Figure 8 Event-response maps in certain individual event years (yellow dot — tree with GD,
black dot — sampled tree without GD)

The reconstructed development of landslide re-
activations from event-response maps (Fig. 8) corre-
sponds to the spatial distribution of the recurrence
interval (Fig. 7) and field observations in the zone of
the landslide front, where the activity of landslide
movements can be assumed to be the highest. This
zone is simultaneously covered by the youngest
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trees (40-60 years). Such an age structure could lead
to an increased sensitivity of trees in this zone to
landslide movements. In contrast, the zone of the
main scarp is typical of the presence of low recur-
rence intervals and older trees. Thus, the age struc-
ture of trees and the different sensitivities of trees
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could affect the reconstruction results (Silhan and
Stoffel, 2015).

The last year with the detected landslide event
was 1997 and there was a probable landslide event
in 1998. No other years with / values higher than
5% were detected after these two years. Moreover,
no strong type of reaction wood or strong abrupt
growth suppression was detected in this period. As
the occurrence of most cases of strong reaction
wood occurred in years defined as a certain event, it
is possible to suggest that the landslide activity in
the recent period after 1996 was minimal. Although
no analysis of triggers was performed in this study,
the dated years suggest a strong effect of extreme
precipitation on landslide reactivation. For instance,
1940, 1996, and 1997 are well known for this (Stek!
et al., 2001). Thus, future studies should focus on a
comparison of dated landslide events with hydro-
meteorological extremes.

6. Conclusions

This study represented chronological data (based on
dendrogeomorphic research) of landslide reactiva-
tion from the extended area of Jabllinka village in
the Hostynsko-Vsetinska highland during the period
between 1927 and 2017. The reconstruction was
performed using data from 106 increment curves
from 53 disturbed individuals of P. abies. Two I
thresholds were used for the past landslide event
definition. In general, six certain and 13 probable
landslide reactivations were detected. The mean
recurrence interval of landslide reactivations was
39.5 years, and the most active landslide zones were
detected in the area of the landslide front and main
scarp. Recently, landslides seem to be stable after
the last certain event in 1997, which was highly likely
triggered by extreme precipitation totals.
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ABSTRACT

The paper aims to examine the morphodynamics of slopes within snow avalanche starting zones in the
Tatras. The analysis of morphodynamics is based on the results of a four—year programme of monitoring of
slope surface changes at 8 study sites. It is focused on the comparison of slope activity in the winter and
summer seasons. The results of the study were examined taking into consideration the meteorological con-
ditions during the study period and the relief. It was found that relief in the Tatras favours the occurrence of
snow avalanches. In the period without snow avalanches, secular morphogenetic processes modified slopes
within the snow avalanche starting zones. As a result, the slope cover material was triggered and moved in a
chaotic and random manner as well as accumulating. The sites of erosion and accumulation of material are
varied in time and space within the snow avalanche starting zones. Generally, erosion is the main effect of
secular morphogenetic processes.

KEYWORDS Snow avalanche starting zone; Slope
differentiation; Tatra Mountains

morphodynamic; Seasonal differentiation; Spatial

1. Introduction

Snow avalanches are a significant element of high-
mountain denudational systems. Their starting
zones are usually located in the uppermost parts of
valley slopes. The morphological features of the

starting zones strongly influence the size and type
of snow avalanches (McClung and Schaerer, 2006).
However, the activity of snow avalanches manifests
itself in mountain slope morphology (e.g. Rapp,
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1960; Luckman, 1978; Becht, 1995; Kotarba, 2002;
Hresko et al, 2005; Sas et al, 2010; Lempa et al.,
2015). Erosional landforms in the starting zones of
snow avalanches indicate that erosion predominates
there, mostly on soil-mantled slopes, although ero-
sion was also evidenced in an avalanche starting
zone situated on bedrock (Moore et al., 2013).

It was also found that the activity of avalanches
in the Tatra Mountains manifests itself in the slope
morphology of the avalanche starting zone in forms
of erosional landforms (Raczkowska et al., 2016a;
Gadek et al., 2017). Kotarba (1976) and Hresko et al.
(2005) indicated that, as a result of full-depth ava-
lanches in the avalanche starting zone (the upper
part of the avalanche path), soil destruction domi-
nates and creates favourable conditions for con-
secutive processes, such as nivation, cryogenic pro-
cesses, deflation and erosion. The average values of
surface lowering due to avalanche activity in the
Tatras, range from several dozen to 350 mm during
a single event (Stankoviansky and Midriak, 1998).
One avalanche can transport several hundred kilo-
grams, occasionally over a tonne of rock debris
(Ktapa, 1980).

In the Tatra Mountains avalanches originate in
the areas above the upper timberline (Raczkowska
et al, 2016a), where processes related to the peri-
glacial climate (Jahn, 1958, 1975) and slope alluvia-
tion (Kotarba, 1976, 1996, Midriak, 1996;
Raczkowska, 1999) are prevalent. According to
Kfapa (1980), based on many years of research, ava-
lanche activity predominantly occurs in the nival
season, one of the four morphogenetic seasons dis-
tinguished in the Tatras. The subsequent nivo-
pluvial season, which is characterised by a rich set of
geomorphological processes, is the most active in
terms of the dynamics of the processes throughout
the year. In turn, the pluvial season can be con-
sidered both as active and very active, depending
on the type of summer, and especially on the occur-
rence of extreme rainfall.

Avalanches are among the rapid mass move-
ments active in the winter half of the year, while in
the summer half of the year slope morphodynamics
are driven by rainfall induced processes. The mod-
ern development of slopes within avalanche starting
zones is the result of full-depth avalanches and
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other secular morphogenetic processes which de-
termine change throughout the year. The share of
these two types of process can vary over time.

The aim of the study is to examine the morpho-
dynamics of slopes within the starting zones of ava-
lanches in the Tatra Mountains, with particular at-
tention to its differentiation between winter and
summer seasons. It is based on the results of a four-
year programme of monitoring of slope surface
changes.

2. Study area

The Tatra Mountains form the highest range in the
Carpathians, rising to 2655 m a.s.l. (Gerlachovsky
stit). The area is divided into the Western Tatras, the
High Tatras and the Belianske Tatras. They are
formed of a crystalline core built of granites and
metamorphic rocks, rimmed with sedimentary rocks
to the north (Nemcok et al., 1994; Piotrowska et al.,
2015). The Tatra Mountains were glaciated in the
Pleistocene which has resulted in an alpine character
to their relief (Klimaszewski, 1988; Rgczkowski et al.,
2015).

The mean annual air temperature (MAAT)
ranges from 2°C to about —4°C on the highest peaks
(Hess, 1965; Konéek ed., 1974; Zmudzka et al.,, 2015).
The mean total precipitation ranges from about
1100 mm in the northern foothills to over 2000 mm
on the highest parts, yet the highest precipitation
occurs in the 1500-1900 m a.s.l. zone. The number
of days with seasonal snow cover ranges from about
100 to over 220 (Ustrnul et al., 2015).

The study slopes are located within the snow
avalanche starting zones, which in the Tatra Moun-
tains are found at altitudes of 1142-2620 m a.s.l. in
the alpine and subalpine zones. The size of the ava-
lanche starting zones varies in size from 312 to
198,942 m°. They are largest in the Western Tatras,
where their area is 28,593 m? on average. Approxi-
mately 90% of the avalanche starting zones in the
Tatra Mountains include 26-55° slopes (Raczkowska
et al.,, 2016b).

The study of the slope morphodynamics within
the avalanche starting zones was carried out on
eight selected couloirs. Their location is shown in
Figure 1. These couloirs were purposely selected to
include the northern and southern slopes of the Ta-
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tra Mountains and some slopes of eastern and
western exposure. Table 1 contains the most im-
portant geological and morphometric features re-
garding the avalanche starting zones studied, and
Figure 2 presents their altitudinal location. The start-
ing zones studied differ in slope character and li-

thology. Layers of Quaternary sediments cover
slopes on the Zleb Zandarmerii and the Osterva
study sites, and rocky slopes lie on the Dwoisty Zleb
and Mala Basta. The slope inclination is mostly simi-
lar, varying between 30-47° in the Western Tatras
and 40-67° in the High Tatras.

Zakopane

Tatranska Lomnica

Figure 1 Location of the study sites marked by numbers. Their characteristics are in Table 1

Table 1 Characteristics of study sites (No. — number in Fig. 1)

. . Lithology Slope
Location of the study site (after Neméok et al. 1994) Slope type ] Aspect
debris
Western Tatras, , - . . .
Chochotowska Valley Posredni Zleb  gneisses, migmatites mantled 31-47 W
slope
Western Tatras, Ornaczanski neisses, migmatites (rjnzbnrtlfed 30-47 E
Koscieliska Valley Zleb 9 r Mg
slope
High Tatras, Rybi leb biotite 'Fo 'Fwo-mlca . debris
. .. granodiorites to granites, mantled 45-67 E
Potok Valley Zandarmerii .
Quaternary sediments slope
High Tatras, Rybi N biotite to two-mica
D Zl . . ky sl 40-47 W
Potok Valley woisty Zleb granodiorites to granites rocky slope 40
. Quaternary sediments, debris
High Tat . .
\gn Tatras. . Ostrva biotite tonalites to mantled 45-67 W
Mengusovska Valley o
granodiorites slope
High Tatras, b biotite tonalites to
Mengusovska Valley Mala Basta granodiorites rocky slope  45-67 E
Western Tatras, , mlcaschls'ts, gnelsse§, t?IOtIte debris
5. Prislop to two-mica granodiorites mantled 40-47 SE
Ziarska Valley .
to granites slope
Western Tatras, Ziarska micaschists, gneisses debris
' Baranec . 15t 9 ' mantled 40-47  NW
Valley migmatites slope
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Figure 2 Altitudinal range of the study areas within the particular starting zone

3. Materials and methods

The size and direction of changes in the relief of the
surfaces of the avalanche starting zones was deter-
mined using benchmarks. These benchmarks were
steel pipes with a diameter of 1.27 cm and a length
of 0.5 m (Fig. 3). They were installed within the ero-
sional scars at each of the snow avalanche starting
zones selected for study (Table 1, Fig. 4).

o * e\
& »

Figure 3 An example of benchmark and method of
measurement

In total, 49 benchmarks were installed across the
Tatras. The number of benchmarks in individual
snow avalanche starting zones was from 3 to 10
(Table 2, Fig. 4).

The study sites were mainly placed in the central
and lower parts of the avalanche starting zones, dis-
tributed along their cross section. Erosional scars
and niches usually develop in those parts of the ava-
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lanche starting zones, while they are less often
found in their upper areas (Figs. 4 and 5).

The study was conducted in the years 2012-
2016, comprising four winter periods and three
summer periods. During the study period, however,
there were no full-depth avalanches at any of the
sites. The height of the pipe above the ground was
measured at each benchmark (Fig. 3). The meas-
urements were carried out twice a year — after the
winter (once the snow had melted, usually in June)
and after the summer (before snowfall, usually in
October). In total, 126 measurement results were
obtained.

Table 2 Number of benchmarks at study sites

Number  of

Area Study site benchmarks

Zleb Zandarmerii 6
High Dwoisty Zleb 3
Tatras

Mala Basta 8

Ostrva 4

Posredni Zleb 5
Western Ornaczanski Zleb 9
Tatras

Prislop 10

Baranec 4
Tatras Total 49

On the basis of the differences between the
measurements of the two periods — summer and
winter, the seasonal or annual variability of lowering
or accretion of the slope surface at the observation
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sites can be determined. It was assumed that results ~ meaning the predominance of accumulation. The
with a negative value indicate a loss of soil from the  number of cases and their percentage were the ba-
slope, i.e. the predominance of erosion. Results with  sis for the assessment.

positive values indicate the supply of material,

MalaBasta
22288 m
<N

Figure 4 Location of the measurement points within the snow avalanche tracks. Red dots —steel pipes, blue dots —
other benchmarks; A — Posredni Zleb (1), B — Ornaczanski Zleb (2), C — Przystop (7), D — Baranec (8), E — Zleb
Zandarmerii (3), F — Dwoisty Zleb (4), F — Mal4 Basta (5), G — Ostrva (6), the number in bracket corresponds to the
number of the study site in Figure 1
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The meteorological conditions during the re-
search period were determined using data from the
Station of the Institute of Meteorology and Water
Management at Hala Gasienicowa, located at an
altitude of 1520 m a.s.l. in the Polish section of the
Tatras (https://danepubliczne.imgw.pl/). The data on
daily precipitation and daily air temperature were
used.
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Figure 5 An examples of the snow avalanche starting
zones. A — Posredni Zleb study site in the Western Tatras,
the slopes are mantled with compact covers of regolith
and vegetation. B — Mala Basta study site in the High
Tatras, the rock slopes are bare or sparsely covered with
regolith and vegetation; 1- boundary of snow avalanche
starting zone, 2 — erosional scars, 3 — blockfield, 4 — debris
flow gully, 5 — initial channel, 6 — benchmark
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Additionally, the fractional composition of the
slope covers was determined at study sites in the
Polish section of the Tatras. Soil samples were col-
lected from each of the four study sites there. The
number of samples varied from 3 to 5 at individual
sites. The grain-size composition of the soil samples
was determined using a combined sieving method
and a Malvern laser particle-sizer (<2 mm).
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Figure 6 Inclination of slopes within the avalanches
starting zones

4. Results

4.1 The morphological characteristics of snow
avalanche starting zones

Starting zones are usually located on the source
areas of rocky chutes and couloirs at an altitude
1697-1856 m a.s.l. in the Western Tatras and 2022-
2101 m a.s.l. in the High Tatras (Table 3). They differ
in size and morphology. These forms are much
larger, but with lower slope inclination, in the West-
ern Tatras (Fig. 6). According to McClung and
Schaerer (2006) such an inclination (20-35°) favours
the occurrence of slab and loose wet avalanches.
These are mostly on debris mantled slopes covered
by vegetation. In the High Tatras the slopes within
the starting zones are often areas with bare and
rocky surface and a very variable inclination that
favours not only slab (30-45°) but also dry (30-60°)
and cascade avalanches (60-90°).

The erosional scars in the avalanche starting
zones are characteristic landforms developed due to
avalanche erosion combined with sheep grazing in
the Tatras (Rgczkowska et al., 2016b; Gadek et al,
2017). They differ in number and size in individual
starting zones.
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Table 3 Characteristics of snow avalanche starting zones

Upper limit (m a.s.l.)

Lower limit (m a.s.l.)

Area of starting zone (m?)

Region

Max Min Mean Max Min Mean Max Min Mean
Western

2228 1301 1856 2085 1157 1697 198942 755 28593
Tatras
High Tatras 2620 1222 2101 2587 1142 2022 194365 312 6971

4.2 Grain-size composition of the study sites

The results of the analysis of soil samples show that
they are mostly composed of a sand fraction, how-
ever finer material is also present (Fig. 7). There is no
distinct difference found between the study sites in
the High Tatras and the Western Tatras, and also
there are very few differences found between indi-
vidual study sites. Although the presence of fine
material in the grain-size composition of soil indi-
cates that there is material which can be easily trig-
gered and moved.

4.3 Meteorological conditions

During the study period, meteorological conditions
varied between individual winter and summer sea-
sons respectively (Figs. 8 and 9).
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Thermal and humidity conditions during the
winters of the study period are characterised by
relatively low precipitation and high variability of
temperature (Fig. 8). Generally, precipitation was
rather low. Heavy precipitation only occurred on two
occasions, but of a different character. The tempera-
ture frequently fluctuated around freezing. This re-
sulted in a fluctuation of the presence of snow cover
and its short duration. This discontinuity in snow
cover presence was especially noted in the winter of
2013/2014.

The 2014 summer season was more humid re-
garding both the persistence and totals of precipita-
tion (Fig. 9). There were few daily totals higher than
30 mm, which are considered extreme events
(Niedzwiedz et al, 2015) which could even have
triggered debris flows (Kotarba, 1992).
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Figure 7 Differentiation of grain-size composition of soils on slopes within the snow avalanche starting zones in the
Polish part of the Tatras. PM1-PM6, POM2-POM4, DP1-DP3, PPM1-PPM5 marks soil sample number
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Figure 8 Meteorological conditions in the winter seasons during study period

Table 4 Changes of slope surface in studied starting zones in period 2012-2016

Zleb Dwoisty ~ Ostrva Mala Posredni  Ornaczanski  Przystop Baranec
Zandarmerii . Basta Zleb Zleb
Zleb

Erosion [%]* 50 66,7 100 50 80 80 78 100
Accumu- 50 33,3 0 25 0 20 22 0
lation [%]*
No changes 0 0 0 25 20 0 0 0
[%]*
Min** -03 0,1 -14 0 0 -0,7 -0,2 -34
[cm]
Max ** 4 -1,0 -4,5 -4,7 -7,0 6,6 -5,8 -6,2
[cm]

* % of the total number of benchmarks in particular study site (couloir) ** difference in cm between the first and last measurement

4.4 Morphodynamic changes of the slope surface
in snow avalanche starting zones

Significant variety appears between particular study
sites when discussing slope activity during the four-
year study period (Table 4). Lowering of the slope
surface due to erosion occurred very frequently. It
was found in 50 to 100% of measurements. Slope
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accretion was found in far fewer measurements, and
it was not even found at all at three study sites.
There is also a large variation in the magnitude of
the changes found in individual measurements. The
changes range from 0 cm to 7 cm. In the winter sea-
son erosion prevails in six of the eight starting zones
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studied, while accumulation prevails in only two of
them (Fig. 10). The highest number of erosion
events (>70% of measurements) was found in the
Ostrva, Baranec and Prislop study sites located on
southern slopes of the massif. These slopes are gen-
erally warmer and snow melted earlier there than on
the northern slopes of the massif. The slope surface
is affected by cryogenic processes and erosion by
meltwater and rainwater.
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Figure 9 Precipitation and temperature conditions in
summer seasons during study period

Two starting zones, where accumulation pre-
vails, are located in the High Tatras at high altitude
on the northern slopes of the massif, which favours
the longer persistence of snow cover. Hence, the
material accumulated in the traps formed in those
places where the snow cover and the ground freeze

is preserved because it is exposed to erosion by
rainwater for a shorter period.

Erosion prevails in the avalanche starting zones
in the summer seasons, except for the Ostrva and
the Prislop study sites where accumulation is equally
or slightly more frequent (Fig. 10). Erosion was
found in 20 to 90 % of measurements. Avalanche
starting zones with a dominance of erosion are lo-
cated on both the northern and southern slopes of
the massif. Their exposure as well as the grain-size
composition of soils are different. Such a pattern of
slope morphodynamics in the summer season indi-
cates that rainfall is the most important factor.
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Figure 10 Morphodynamic changes at avalanches starting
zones in the winter seasons in the years 2012-2016
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Figure 11 Morphodynamic changes at avalanches starting
zones in the summer seasons in the years 2012-2015

4.5 Differentiation of slope morphodynamics in
avalanche starting zones at a regional scale

The analysis of the results of measurements of slope
morphodynamics in avalanche starting zones at the
scale of the entire Tatra Mountains shows that ero-
sion was found in 50% of all measurements, both in
summer and winter seasons (Fig. 12). In addition,
similar regularities are observed in accumulation, yet
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accumulation was found in a smaller number of
measurements (38% and 35%, respectively).

Differences occur when a separate analysis is
made of the High Tatras and the Western Tatras
(Fig. 13). In the summer season erosion dominates
in both areas, occurring in more than 50% of the
measurements. But in the winter season accumula-
tion (55%) prevails in the High Tatras, while erosion
(65%) prevails in the Western Tatras.

4.6 Differentiation of slope morphodynamics in
subsequent years

Figure 14 presents the temporal variation of erosion
and accumulation in the snow avalanche starting
zones, in the form of yearly and seasonal changes.
In general, the ratio between the different types of
slope change (erosion, accumulation, unchanged) is
more balanced in winter than in summer. Although
a higher share of accumulation was found in winter,
up to 40% of measurements, than in summer (only
25% of measurements), in the summer erosion oc-
curs in up to 70% of measurements. In the winter its
dominance was less pronounced, although the total
share of erosion throughout the study period was
higher than in summer.

5. Discussion

Research on the seasonal and spatial differentiation
of snow avalanche starting zone morphodynamics is
an attempt to answer the question of which pro-
cesses are of greater importance in the develop-
ment of erosional landforms - niches and scars
within the starting zones. Are these cryogenic and
nival processes, including avalanches and erosion,
characteristic of the winter season or is erosion
related to rainfall in the summer season? The results
of the analysis of historical orthophotomaps
indicate temporal and spatial variations in the
development of erosional landforms within the
avalanche starting zones in the Tatras associated
with very different factors, but do not show regional
or temporal regularities (Raczkowska et al., 2016b).
At the same time, they clearly show a correlation
between the enlarging of these forms and the
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occurrence  of large full-depth  avalanches
(Raczkowska et al., 2016b; Gadek et al. 2017).

The results of our research allow us to attempt
an approximate assessment of the role of secular
processes in the development of these erosional
landforms in the Tatras. They indicate that slope
changes are the effects of secular morphogenetic
processes that are several times smaller than those
previously observed as a result of snow avalanches
(Stankoviansky and Midriak, 1998). However, they
are similar to those obtained in previous studies of
secular processes in the Tatras (Kotarba et al., 1987;
Raczkowska, 2021). The average rates of lowering
and accretion of slope surface, estimated from our
measurements, are 8.4 mm/year and 4.2 mm/year
respectively. These values are higher (by 1-2
mm/year) than those given by Midriak (1993) on the
basis of research in the second half of the 20™ cen-
tury. It can be assumed that this is related to the
influence of climate change on the course of secular
morphogenetic processes. The results of our re-
search, however, are an attempt to approximate the
role of secular processes in the development of
these erosional forms within the avalanche starting
zones in the Tatras.

The pattern of slope changes in the avalanche
starting zones caused by secular processes is com-
plicated and ambiguous. It is difficult to define
regularities in their spatial and temporal differentia-
tion. Analysing them on a spatial scale, we found a
dominance of erosion, both in the winter and
summer seasons. It could therefore be assumed that
the role of the activity of cryogenic processes and of
meltwater erosion as well as of rainwater erosion in
transforming the relief of the starting zones is simi-
lar. Moreover, a connection with the topography
and features of slopes of the starting zones can be
noted. The clear domination of erosion in the West-
ern Tatras is favoured by the topography and eleva-
tion of avalanche starting zones. The slopes are not
shaded there, as is often the case in the High Tatras,
and the top layer of the soil thaws earlier. Moreover,
slopes are mantled by weathering covers built with
loose debris of different sizes including fine-grained
mineral material.
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Figure 12 Diversity of morphodynamic changes in the avalanche starting zones between the winter (A) and the summer
(B) seasons in the Tatras in 2012-2016
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Figure 13 Regional diversity of morphodynamic changes in the avalanche starting zones between the winter (A, C) and
summer (B, D) seasons in the Tatras in 2012-2016
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Figure 14 Temporal diversity of morphodynamics at the avalanche starting zones between particular winter and summer
seasons. A — accumulation, E — erosion, U — no changes

When analysing the seasonal changes of slopes  rainfall. In the humid and cool summer of 2014, ac-
in the avalanche starting zones the relation to me-  tive erosion was occurring and there were few
teorological conditions can be noted. During  points where no change was found. In the 2013 and
summer the amount of erosion depends mainly on 2015 summer seasons with similar meteorological
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conditions, the structure of morphodynamic change
was also similar. Differences in the morphodynamics
of the slopes during the winter are more difficult to
relate to meteorological conditions. The duration
and thickness of snow cover in 2013 and 2014 were
similar and the ratio of erosion and accumulation
differed. Rather, the occurrence of heavy precipita-
tion in the period without snow cover is of im-
portance. For example, the rainfall in May 2015 is
likely to have resulted in a clear predominance of
erosion over accumulation in the winter of
2014/2015 (Figs. 8 and 14). The nature of the pre-
cipitation is also important, e.g. in May 2014 there
was heavy snowfall which was not reflected in the
ratio of the amount of accumulation and erosion in
the winter of 2013/2014.

6. Conclusions

The relief in the Tatra Mountains is conducive to the
formation of avalanches. The analysis of slope incli-
nation in the avalanche starting zones shows that in
the High Tatras there are conditions for the for-
mation of small powder snow avalanches of proba-
ble higher frequency, while in the Western Tatras,
full-depth avalanches occur less frequently, but can
be larger.

The morphogenetic role of avalanches depends
on the occurrence of full-depth avalanches. In the
period of the year when avalanches do not occur,
slopes in their starting zones develop as a result of
different morphogenetic secular processes related
to rain or meltwater or cryogenic processes. Melt-
water and rain water play a major role in slope mod-
ification. As a result, the material of the slope covers
is triggered and moved in a chaotic and random
manner, as well as being accumulated. The sites of
erosion and accumulation of material are varied in
time and space within the avalanche starting zones.

In general, erosion is the main effect of secular
morphogenetic processes. This applies to both the
winter and summer seasons. In the summer seasons,
the intensity of modification of the slopes in the
avalanche starting zones is related to the meteoro-
logical conditions, which is not the case in the win-
ter seasons. The activity of secular morphogenetic
processes maintains or develops the erosive scars or
niches existing in avalanche starting zones. In this
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way, it facilitates erosion caused by full-depth ava-
lanches.
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ABSTRACT

Grizzly bears are an integral part of the northern Rocky Mountains ecosystem, where their foraging and
denning leaves a measurable impact on the landscape. The purpose of this project was to evaluate the ero-
sional effect of grizzly bears on relict solifluction tread and riser environments in the alpine tundra of Glacier
National Park, Montana, USA. Grizzly bear excavation sites and material removed from vegetated risers and
deposited downslope by bears was classified into either recent or decaying (i.e., not the current season) ex-
cavations, measured, and the volume of each excavation was calculated to determine the magnitude of dis-
turbance by grizzly bears in this alpine environment. Grizzly bear activity was found at only one of four sam-
ple sites, where grizzlies removed 1.1727 m? of material (new excavations = 0.6974 m? old excavations =
0.4754 m?3). The width of treads and risers was also measured to determine if there were differences in the
dimensions of solifluction features where bear activity was observed. Although one of the study sites did
have statistically wider treads and narrower risers than the other study sites, no grizzly bear activity was ob-
served at that site, suggesting that excavations are related to factors intrinsic to solifluction features. A con-
ceptual model of the degradation of turf was developed based on observations of vegetation and soil re-
moved by bears, illustrating how foraging activity in a tread and riser environment may produce micro-scale
changes in the landscape over time.

KEYWORDS Zoogeomorphology; Grizzly bears; Bioturbation; Relict solifluction; Glacier National Park
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1. Introduction

In subalpine and treeline regions, grizzly bears
(Ursus arctos horribilis) forage by digging for plant
roots and bulbs (Butler, 1992; Mattson, 1997; Tardiff
and Stanford, 1998), cutworm moths (White et al.,
1998), and small mammals (Doak and Loso, 2003).
These foraging activities have resulted in grizzly
bears being cited as substantial erosional agents in
these environments (Butler, 1992).

Grizzlies have been documented in alpine areas
above treeling, but their geomorphic effects have
often been cursory and the existing literature is
contradictory. Hamer and Herrero (1987) stated that
the alpine environment was unimportant as a food
source for grizzly bears, despite numerous sightings
of grizzlies above 1829 m during summer months in
Glacier National Park, Montana, USA (GNP;
Martinka, 1972). Butler (1992) noted that grizzly
bears in GNP foraged in the alpine zone, and in the
Canadian Rockies it has been suggested that
"during the summer months, the bears spend most
of their time digging for food above the treeline”
(Hall et al., 1999, p. 437).

Although grizzly bears dig deep into the soil
when in pursuit of ground squirrels, digging for
plant-based food, including roots, results in removal
of only the top layer of sod (Doak and Loso, 2003).
In some alpine and subpolar environments, sod may
be limited to turf-banked terraces, described as
linear step-like features with unsorted stone treads
and vegetated turf risers (Benedict, 1970; Butler et
al, 2004). These relict solifluction features protect
underlying fine-grained sediments (Walsh et al,
2003). When the turf bank is disturbed, however, by
bears, ungulates, or frost heaving (Benedict, 1970;
Pérez, 1993; Grab, 2002), the terraces may become
susceptible to other erosional processes (Walsh et
al,, 2003).

The environment wherein both turf-banked
terraces and grizzly bears occur in GNP provides an
ideal venue to assess the potential for grizzlies to
modify relict solifluction features, which are likely
relatively stable features that resist erosion, despite
active surface movement (Sawyer, 2007).

From a zoogeomorphic perspective, grizzly
bears have the ability to modify directly the alpine
tundra by trampling, digging for food, and con-

structing dens (Butler, 1995). In a subalpine envi-
ronment, Butler (1992) calculated 0.3 m? of material
had been removed by a grizzly bear digging for
food; furthermore, he estimated that a single grizzly
bear may be responsible for 6.8 m? yr' of erosion in
GNP from denning, digging, and foraging. White et
al’s (1998) analysis of grizzly bear feeding in the
alpine of GNP focused on grizzly bear consumption
of cutworm moths in talus slopes, not turf-banked
terraces. Although the focus of their research was
not zoogeomorphology per se, White et al. (1998)
concluded that approximately 0.22 m?* of talus de-
bris was excavated from 30 oval pits dug by grizzly
bears. Tardiff and Stanford (1998) evaluated the
effect of grizzly bear digging on nitrogen availability
in subalpine meadows of GNP and estimated that a
single foraging event covered an area of >15 m?
and was characterized by overturned chunks of soil
and plant roots to a depth of approximately 10 cm.
In the Rocky Mountains of Canada, Hall et al. (1999)
identified the erosional impact of grizzly bears
above treeline to be as much as 0.4958 m?® per m™=.

Scant knowledge exists of the change, modifica-
tion, or recovery of turf-banked terraces following
surficial disturbances by large mammals. In alpine
areas, needle ice (small filaments of ice that form in
freezing temperatures) has been attributed to turf
exfoliation, or the process of destroying “a continu-
ous ground vegetation cover by removing the soil
exposed along small terrace fronts” (Pérez, 1992, p.
82).

Needle ice can disturb soil and prevent vegeta-
tion growth (French, 1996). Previous research (Pérez,
1992, 1993; Grab, 2002; Butler et al., 2004), however,
has suggested that for needle ice to cause turf exfo-
liation, another process is first needed to disrupt the
thick turf and expose the underlying soil. Pérez
(1993), Grab (2002), and Butler et al. (2004) suggest-
ed that animals could interrupt turf cover by tram-
pling or pawing at the ground.

Any behaviour by animals, including burrowing
and digging for food, also has the ability to disturb
turf. A possible consequence of grizzly bear digging
along turf-banked terraces is terrace retreat through
erosion of risers.
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2. Methods
2.1 Study Area

GNP (Figure 1) contains a stable grizzly bear popu-
lation and relict solifluction-related turf-banked
terraces containing treads and risers (Hayward,
1989; Butler et al., 2004). The vegetation within
these alpine turf-banked terraces is mostly Dryas
octopetala (Bamberg and Major, 1968), which,
where present, provides a nearly continuous protec-
tive vegetated cover.

Four study sites were selected (Table 1), using
aerial imagery, personal observation, and published
literature (Bamberg and Major, 1968; Butler and
Malanson, 1989; Tardiff and Stanford, 1998; White et
al, 1998; Butler and Malanson, 1999; Resler et al,

Legend
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Glacier NP

Continental Divide
-  Towns

— Local Roads

Britsh %, |

Columbia v Alberta Saskatchewan

[ ‘ Study Area ol

. Montana ﬂ

Wyoming '

Canadqi_ o

2005; Butler et al., 2009; Butler, 2011). The primary
criterion for inclusion was the presence of well-
developed, vegetated solifluction treads and risers;
the sites were not chosen because of known grizzly
bear presence.

All study sites were located on or east of the
Continental Divide, ensuring similar precipitation
and temperature patterns. Diurnal freezing is possi-
ble during all months of the year, with mean month-
ly temperatures below freezing for 6 months (No-
vember to April). Precipitation averages 677 mm per
year, with the driest month (August) recording 43
mm and the wettest month (June) receiving 90 mm.

Snowfall is possible all months of the year (WRCC,
n.d.).

West
Glacier

N
" ¢ £ 0 20 Kilometers
5 pP—F—

Figure 1 Study area map illustrating the location of study sites in Glacier National Park, Montana, USA. The sites were
located above treeline, on or east of the Continental Divide
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Table 1 Characteristics of study sites

Site Surficial deposit Elevation (m) Aspect

Siyeh Pass 1 (SP 1)

Siyeh Pass 2 (SP 2)

Solifluction frost rubble

Dawson Pass (DP)

Piegan Pass (PP)

2362 SE
2389 E-NE
2286 E
1900 N-NW

2.2 Data Collection and Analysis

We identified inactive solifluction treads and risers
above alpine treeline at Siyeh Pass that contained
grizzly bear diggings as well as two other sites,
Dawson Pass and Piegan Pass, where no bear activi-
ty was observed, despite similar site conditions

among all locations (Figure 2). Field visits and data
collection occurred during the summers of 2010 and
2011 and two separate field visits occurred in 2011
(mid-July and mid-September) to document sea-
sonal excavation by bears. No new excavations,
however, were observed in September 2011.

Figure 2 Photos of study sites: clockwise from upper left: Siyeh Pass 1; Siyeh Pass 2; Piegan Pass; Dawson Pass. Each site
was located on a ridge above a cirque
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Figure 3 Photo of bear excavations (arrows) from vegetated solifluction risers with spoils deposited on downslope treads
at Siyeh Pass

At Siyeh Pass, chunks or wedges of vegetation
and soil resting on adjacent, downslope tread sur-
faces characterized recent grizzly bear excavations
(Figure 3). Grizzly bears were considered responsible
because our observations paralleled those of Hall et
al. (1999) who noted, “it was possible to discern the
digging effect in four instances of a single paw” (p.
437). Moreover, other mammals that reside near or
frequent the alpine tundra (e.g., marmots (Marmota
sp.), bighorn sheep (Ovis canadensis), and mountain
goats (Oreamnos americanus) create different pat-
terns of disturbance and are not known to dislodge
turf from risers. Differentiation between fresh (i.e.,
dug that summer) and older digs was evident by
sediment infilling, vegetation establishment within
older depressions (Gutterman et al., 1990; Doak and
Loso, 2003), and degradation of the shape of the
excavated material. Determining the age of depres-
sions older than one year was not possible because
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of varying rates of excavated sod decay and infilling
of depressions (Tardiff and Stanford, 1998). Excava-
tion depths for 30 recent (dug that summer) and 30
decaying (older than one year) depressions were
recorded in the center of excavated holes found
within two 30 x 30 m quadrats that were randomly
placed on the landscape. The long and short axes of
each excavation were measured, resulting in length,
width, and depth data for each grizzly bear disturb-
ance. Measurements of freshly excavated material
and older spoils were taken during the same site
visit to eliminate any size differences between visits.
Although we cannot guarantee that all content re-
moved from the hole was still present in downslope
spoil mounds, the reinsertion of excavated material
into their original holes suggested that most mate-
rial was present and had not yet eroded. Volume
was calculated by the cuboid formula (Butler, 1992),



Bioturbation by grizzly bears in relict solifluction features of Glacier National Park, Montana, USA: A case study

using the long and short axes of the excavated ma-
terial and the depth of the hole in the riser.

In an effort to determine if micro-site character-
istics explained why grizzly bear activity was present
at Siyeh Pass and not at Dawson Pass and Piegan
Pass, the widths of the solifluction treads and risers
were recorded at the four study sites by placing
three 30-50 m transects perpendicular to the con-

tours of the slope. The height of each riser was rec-
orded with a measuring tape placed perpendicular
to the tread below the riser, measured to the top of
the riser. Transect lengths were 50 m, unless the
tread and riser topography did not extend for a full
50 m, in which case, 30 m transects were used. In-
ferential and descriptive statistics were used to ana-
lyse the data.

Table 2 Mean, standard deviation, and median of old and new diggings

Mean + Standard deviation (median)

Length (cm) Width (cm) Depth (cm) Total Volume (m?3)
L 49.73+20.97 36.47 £14.98 7.85+1.76
Old diggings (n=30) (42.5) (33) (7.75) 0.4754
— 49.30+£19.86 34.20+9.55 12.55+3.69
New diggings (n=30) (41.5) (33) (11.5) 0.6974

3. Results and Discussion

Recent excavations (i.e., dug that season; M = 12.55,
SD = 3.69) were significantly deeper than decaying
(old) excavations (M = 7.85, SD = 1.76); t (29) =
7.086, p < 0.001). Despite differences in age and the
appearance that fresh excavations better retained
their shape, the lengths of new (M = 49.30, SD =
19.86) and old (M = 49.73, SD = 20.97) excavations
were surprisingly similar and non-significant (t(29) =
-0.080, p = 0.937)), which was also the case for
widths of new (M = 34.20 ; SD = 9.55) and old (M =
36.47; SD = 14.98) excavations (t(29) = -0.668, p =
0.509; Table 2). The total volume of soil removed
from the 60 samples was 1.1727 m? (recent = 0.6974
m?, decaying = 0.4754 m3). A one-way ANOVA re-
vealed a statistical difference between riser widths
at the study sites (F(3, 385) = 4.6001, p = 0.004), and
a Tukey’'s HSD post-hoc test indicated that the sta-
tistical difference existed between Siyeh Pass and
Dawson Pass (p = 0.017, 95% CIL = -41.15, -2.85)
and between Piegan Pass and Dawson Pass (p =
0.008, 95% ClI. = -44.07, -4.73). Similar significant
differences were found for tread widths (F(3, 368) =
14.137, p < 0.000), where Piegan Pass had signifi-
cantly wider treads than either site at Siyeh Pass (p
< 0.000, 95% C.I. 20.82, 65.18; p < 0.000, 95% C.I.

15.44, 64.56) or Dawson Pass (p < 0.000, 95% ClL. =
32.77, 83.23; Table 3). In addition, a one-way
ANOVA showed that riser heights were also found
to be significantly different (F(3, 358) = 539, p <
0.000) between study sites. A Tukey's HSD post-hoc
test indicated that significantly statistical differences
existed with the riser heights between all study sites
with six relationships tested: SP1:SP2 (Q = 9.20, p <
0.000); SP1:DP (Q = 8.93, p < 0.000; SP1:PP (Q =
546, p < 0.001); SP2:DP (Q = 18.13, p < 0.000);
SP2:PP (Q = 3.74, p = 0.043); DP:PP (Q = 14.39, p <
0.000).

The depth of bear excavations in risers ap-
peared to be greatest in the initial year, with infilling
over time due to secondary erosional processes
(e.g., fluvial, aeolian, etc.). The length and width of
both new and old excavations were not statistically
different. Butler (1992) estimated 0.3 m? of material
was excavated while digging for food at a subalpine
site whereas our data indicated that almost 0.7 m?
had been excavated at an alpine site, which is logical
as vegetation provides a non-continuous cover in
the alpine region, requiring bears to excavate more
area for food. Alpine vegetation may be worth the
extra energy expenditure, however, as plants at
higher elevations in the Rocky Mountains have been
shown to have higher caloric content than plants at
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lower elevations in the Appalachian Mountains
(Andersen and Armitage, 1976). This trend is con-
sistent with increased nutrient concentration at

higher elevations at several global sites (Korner,
1989).

Table 3 Mean and standard deviation of riser heights and widths, as well as tread widths.
All measurements are in centimetres

Mean * Standard deviation (n)

Site
Riser heights Riser widths Tread widths
26.1+£10.7 99.2+48.5 118+58.1
Siyeh Pass 1 (SP 1)
(n=113) (n=113) (n=117)
13.4+54 111+55.1 121+82.6
Siyeh Pass 2 (SP 2)
(n=78) (n=78) (n=79)
38.56+24.5 113.4+61.4 103+51.8
Dawson Pass (DP)
(n=71) (n=71) (n=72)
18.6+5.7 89+32.2 161+61.0
Piegan Pass (PP)
(n=100) (n=100) (n=104)

It has been suggested that locations where bears
dig for ground squirrels were determined more by a
bear's presence in the alpine than by specific micro-
site characteristics (Doak and Loso, 2003). Grizzlies
may use alpine environments as travel corridors and
take advantage of convenient food sources while in
transit. Insects are readily transported by aeolian
processes and deposited in alpine environments.
High mountain snowbanks serve as catchment areas
for these insects, which remain stranded on the
snow (Van Dyke, 1919) and have been cited as a
food source for bears (Gurney, 1953 and references
therein). Insects deposited on exposed rock and
tundra vegetation have also been documented in
large quantities in the White Mountains of California
(Spalding, 1979) and insect activity in western Mon-
tana during summer months has been shown to
increase with elevation (Chapman, 1954), where
grizzlies have been observed feeding on ladybird
beetle and army cutworm populations at elevations
above 3000 m (Chapman et al., 1955). Although Pie-
gan Pass did have statistically wider tread and nar-
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rower riser widths than most of the other study
sites, our measurements were comparable with oth-
er solifluction features in eastern GNP (Butler et al.,
2004). Additionally, grizzly bear activity was not
observed at Piegan Pass, suggesting that regardless
of the reason for grizzly bear presence in the alpine
(e.g., transit, food), their excavations appear to be
related to factors intrinsic to solifluction features,
whether significant or not, not solely the presence
of the bears, which is contrary to the findings re-
ported by Doak and Loso (2003).

Our findings suggest that grizzly bears have po-
tential to modify the microscale geomorphology of
alpine tundra through excavation. As noted above,
debris was located downslope from the excavated
site with no excavated debris found upslope from
the excavation. A conceptual model of possible mi-
croscale response to a single excavation (Figure 4)
illustrates how the removal of turf from a riser,
through grizzly bear excavation, facilitates erosion,
contributing to the overall decay of relict solifluction
treads and risers. For the reason that alpine tundra
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vegetation is slow to re-establish following disturb-
ance (Bell and Bliss, 1973; Ebersole, 2002), fine-scale
slope retreat may occur as the riser erodes. It has
been argued that the geomorphological features of
dynamic upland environments in Scotland were

| Tread | Riser |

“crucial in maintaining habitat diversity and dynamic
equilibrium” (Gordon, et al. 2001, p. 327), and this
habitat diversity is apparent in conifer seedling es-
tablishment within solifluction features in GNP
(Butler et al., 2004; Resler et al., 2005; Resler, 2006).

Time

' ™

-.—Y Slumped rise with further retreat of slope.'
3 - A“i‘ii

R Y / Area excavated by bear.

Figure 4 Conceptual model illustrating how a riser may be modified following excavation by a bear

Additionally, disruptions in solifluction turf-banked
terraces may provide sites for conifer establishment
above current treeline (Walsh et al., 2003), and fine-
scale disturbances, especially those adjacent to
treeline, have significantly higher rates of conifer
germination (Whitesides and Butler, 2016; Kambo
and Danby, 2018). Despite mentions of animal ac-
tivity within the tread and riser environment (sensu
Butler, 1995; Walsh et al., 2003), scant research ex-
ists on the factors that degrade relict solifluction
features and how degradation may affect vegetation
dynamics and the longevity of these landforms, par-
ticularly in an era of changing climate.

4. Conclusions

This case study suggests that grizzly bear activity
above alpine treeline is occurring within specific
landforms and grizzlies should be considered ero-
sional agents contributing to the degradation of
relict solifluction features. These findings also con-
tribute to and corroborate the limited existing litera-
ture on grizzlies as geomorphic agents above
treeline. Alpine tundra may become increasingly
important to bears as the effects of climate change
alter vegetation throughout GNP (Hall and Fagre,
2003) and other mountainous regions. Continued
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study of bear activity on fine-scale solifluction fea-
tures is necessary to reveal and monitor the extent
of these geomorphic agents on the fragile alpine
environment.
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Symposium

37t Romanian National Symposium on Geomorphology

Sinaia, June 15-19, 2022

The Romanian National Symposium on Geo-
morphology (RNSG) is the annual event of Romani-
an geomorphologists. In 2022, the 37" edition took
place in 15-19™ of June in the city of Sinaia and it
was organized by Romanian Association of Geo-
morphologists and Faculty of Geography, University
of Bucharest, with the title of “Geomorphology un-
der modern challenges: Uncertainties and Perspec-
tives".

The symposium began with the Young Geo-
morphologists Day (YGD) which gathered bachelor,
master and phd students from University of Bucha-
rest, University of Suceava and University of Craiova.
Two practical activities were organized outdoors on

Craiova).

cused on preparing and carrying out an aerial sur-
vey using UAS with ground control points and an-
other introductory course in dendrochronology
focused on how to extract cores from deciduous
trees using an increment borer. The first course was
led by Lecturer Florin Tatui and Razvan Popescu
(Faculty of Geography, University of Bucharest)
while the second course was organized by Prof.
Mircea Voiculescu (Department of Geography, West
University of Timisoara). The YGD also benefitted
from the support and participation of Professor
Jasper Knight (University of the Witwatersrand, Jo-
hannesbourg, South Africa) and Professor Sandu
Boengiu (Department of Geography, University of

e ey

The scientific communications comprised two
key note lectures, 19 oral presentations and 11
poster presentations. They were organized in several
scientific sessions: Mountain geomorphology and
slope processes, Paleo-environmental reconstruc-
tions, Geomorphometry and fluvial geomorphology,
Coastal geomorphology and Applied geomor-
phology.

Most of the communications were presented on
site but online participation was also allowed. In
total, more than 40 people participated from Bucha-
rest, Timisoara, Suceava, lasi, Cluj-Napoca, Craiova
and Constanta. The Symposium benefitted from two

large slope instabilities — observations, models and
implications” by Prof. Dr. Bernd Etzelmiller from
University of Oslo, Norway and “The geomorpho-
logical sensitivity of mountain systems” by Prof. Dr.
Jasper Knight from University of the Witwatersrand,
Johannesbourg, South Africa.

Two practical applications were organized
during the RNSG both in the Bucegi Mountains. The
first field trip was organized in Sinaia Ski Area on
June 16 with the main theme of snow avalanche
hazards and risks.
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Scientific discussions were led by Prof. Dr. Mircea
Voiculescu and Lect. Dr. Alexandru Onaca from West
University of Timisoara which discussed about the
control of topographic and anthropogenic parame-
ters on avalanche release and methods of assessing
spatial and temporal avalanche activity including
mainly dendrochronology approach. The second

TS DN

The 37th Romanian

fieldtrip was organized on the Bucegi Plateau on
June 18 with the subject of frost weathering and
solifluction (discussions led by Dr. Mirela Vasile and
Prof. Dr. Petru Urdea) and also the deglaciation
chronology in the light of newly obtained absolute
ages (discussions led by Lect. Dr. Razvan Popescu,
University of Bucharest).

1

National Symposium

on Geomorphology
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International conference

International Conference on Geomorphology, 10t Edition,
Coimbra, Portugal, 12-16 September 2022

The 10" International Conference on Geomor-
phology (ICG) was organized by International Asso-
ciation of Geomorphologists (IAG) and Portuguese
Association of Geomorphologists (APGeom) and co-
organized by the Centre of Studies in Geography
and Spatial Planning (CEGOT), the Department of
Geography and Tourism (University of Coimbra),
and the Department of Earth Sciences (University of
Coimbra) at Convent of St. Francis on the left bank
of Mondego River from the 12" to the 16™ of Sep-
tember, 2022. The title of the conference was “Ge-
omorphology and Global Change”, it included 24
scientific sessions (General and Historic Geomor-
phology, Methods and Techniques in Geomor-
phology, Geomorphological Mapping, GIS, Remote
Sensing and Modelling, Forms, Processes and Land-
scape Change, Climatic Geomorphology, Mountain
Geomorphology, Glacial and Periglacial Geomor-
phology, Tectonic and Seismic Geomorphology,
Fluvial Geomorphology, Aeolian Geomorphology,
Marine and coastal geomorphology, Volcanic Geo-

morphology, Karst Geomorphology, Weathering,

T
TN k=
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CONFERENCE ON GEOMORPHOLOGY

COIMBRA - PORTUGA

The ICG was attended by 537 delegates from 46
countries (15 from Romania (including 7 orals
presentations and 7 posters) and registered 595
abstracts out of which 380 were approved for oral
presentation and 215 for poster presentation.
During the conference the different thematic
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Soils and Landforms, Biogeomorphology and Wet-
lands, Applied Geomorphology, Hillslope Processes
and Landforms, Geomorphological Hazards and Risk
Management, Wildfires and Soil Erosion, Sustaina-
bility in Geomorphology: Anthropocene and Urban
Geomorphology, Geoarchaeology, Connectivity in
Geomorphology, Geoheritage, Cultural Geomor-
phology and Geotourism and Planetary Geomor-
phology) and 2 plenary lectures (Monique Fort from
Université de Paris Diderot with “Geomorphology: a
key discipline documenting climate change at
diferent spatio-temporal scales” and José Luis
Zézere from Universidade de Lisboa, with "Geohaz-
ards in Portugal: a state of the art”). At the time of
the Conference 7 field trips were scheduled and
available (1 pre-Conference, 3 on Wednesday
during the Conference week and 3 post-Conference)
and an intensive course for young researchers that
was dedicated to the following topic "Geomorpho-
logical changes in landscapes affected by fire: field
and laboratory techniques for soil erosion analysis"
(with 19 participants).

sessions were encouraged to publish their presenta-
tion in Special Issues in indexed journals. 15 col-
laborations of this type have been or are being ne-
gotiated, 9 of which have already been formalized
(for example: Geomorphology (Forms, Processes
and Landscape Change); Geomorphologie: Reliefs,



processus, environnement (Climatic Geomorpholo-
gy); Zeitschrift fir Geomorphologie, Global and
Planetary Change (Fluvial Geomorphology). During
the conference, two Council Meeting of the IAG
took place (the Romanian Association of

The Romanian delegation was formed by 15
delegates from 6 institutions (University of Bucha-
rest (6), West University of Timisoara (3), The Na-
tional Institute for Research and Development of
Marine Geology and Geoecology — GeoEcoMar (2),
Institute of Geography from Romanian Academy (2),
Stefan cel Mare University of Suceava (1), Babes-
Bolyai University (1)), which gave oral (7) and poster
presentations (6) at the following sessions: Geoar-
chaeology (Geoarchaeological approach of the pre-
historic inhabitation reconstruction of a key-region
(Braila-Jijila) from the Lower Danube Valley; Geo-
biological data complete historical and archaeologi-
cal archives for documenting deltaic landscape
transformations and human impact at Chilia-
Lycostomo (Northern Danube delta); A geoarchaeo-
logical perspective on the Holocene dynamics of
Somesul Mic floodplain (Transylvanian Basin, Roma-
nia)), Fluvial Geomorphology (Reducing water re-
lated risks in the Lower Danube through Nature
Based Solution implementation; Annual dynamics of
a river sandbar in the Lower Danube: geomorphic
adjustments under anthropogenic pressures), Geo-
morphological Hazards and Risk Management (Epis-
temic uncertainties induced by landslides typology

Geomorphologists was represented by Prof. Mircea  University.

Voiculescu, President of the association). In those
meetings a new Executive Committee was elected,
that will be coordinated by a new elected president
in the person of Prof. Sunil Kumar De from
Department of Geography, North Eastern Hill

in Vrancea seismic region (SE Carpathians, Romania)
and their implication in hazard evaluation; A 130-
year history of avalanche risk in the Fagaras Moun-
tains, Romanian Carpathians deduced from interfer-
ence with human activities5), Marine and coastal
geomorphology (On the evolutionary patterns of
the large river deltas. Examples from Danube delta
and other deltaic systems; Rip currents on the Ro-
manian Black Sea coast — distribution, characteristics
and dynamics), Glacial and Periglacial Geomorphol-
ogy (Permafrost distribution in the Southern Carpa-
thians, Romania, derived from statistical modeling;
Factors influencing the ground thermal regime of
rock glaciers in the marginal periglacial environ-
ments of Southern Carpathians), Forms, Processes
and Landscape Change (Regional debris-flow chro-
nology reconstructed through dendrogeomorphic
methods in Calimani Mountains (Eastern Carpathi-
ans, Romania)), Geomorphological Mapping, GIS,
Remote Sensing and Modelling (Assessment of
current and future soil erosion risk in Romania).

The next Regional Conferences on Geomor-
phology will be organized in Turkey between 12
to14 September 2023 (RCG-2023 CAPPADOCIA
TURKIYE (rcg2023.info)) and in Romania in 2025.

Laurentiu Tutuianu, University of Bucharest
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