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Abstract. Sunken lanes are roads or tracks, 2 m or more wide, that are incised at least 0.5 m, but
often by several meters, below the general level of the surrounding land surface. They are
formed by the passage of people, animals, vehicles and erosion by water and gravity. Although
these anthropogenic landforms are quite common worldwide they received limited interest by the

international scientific community. This comprehensive review analyzed all available



information on their characteristics, development and functions in landscapes. Most research on
sunken lanes has been conducted in Europe, whereas sunken lanes have been occasionally
reported in other continents as well. Major topics addressed are spatial distribution, origin and
development, morphology, erosion rates, hydrology, ecology, management, geotourism and
research needs.

Mean dimensions of sunken lanes reported for various regions vary widely: i.e. 30 — 2300 m for
their length; 0.6 — 12.5 m for their depth and 2 — 36 m for their to,. width. Typical sunken lane
densities in European regions (10 to 100 km? large) charez*ei;zzd by such landforms range
between 0.2 and 0.5 km km but for smaller areas (< 10 k."%) densities may reach 1-2 km km.
In Europe and the Middle East sunken lanes already sw. “ed to form during prehistoric times.
During later periods, with increasing population, “etf.ement density, cropland area and traffic,
sunken lanes further deepened and widene { a'«d new ones were formed. Some of these evolved
towards large permanent gullies whereas nthers became footpaths or were completely abandoned
and can still be observed today as d~rn.2r.c sunken lanes in old forests.

Sunken lane formation results . "m nteractions between natural factors (i.e. lithology and soils,
topography, climate, ves~tai~n) and anthropogenic factors (i.e. traffic, land use and
management). Rock typ. weathering status and soil types control the erodibility of hillslope
materials and hence the development and preservation of sunken lanes. Sunken lanes have been
reported in several lithologies but most have been studied in loess regions. Sunken lanes, can be
initiated at topographic landscape positions with a much lower slope gradient and corresponding
contributing area than those needed to initiate classical gullies, due to the combined action of
natural (i.e. concentrated flow erosion and mass movements) and anthropogenic processes (i.e.

erosion by animal and human trampling, wheel traffic and digging). Once formed, medium to



long-term average incision rates of unpaved bare sunken lanes are 1 to 5 cm year' often
exceeding erosion rates on nearby cropland by at least one order of magnitude.

Sunken lanes perform many functions in landscapes i.e. microclimatological, hydrological,
geomorphological, ecological, transport, aesthetic, geotouristic, educational, scientific, strategic,
and historical functions. Sunken lanes represent long-standing heritage of past agricultural
landscapes and, taking into account their natural and cultural assets, justifies their protection.
Unfortunately in several regions, sunken lanes are threatened b, urban sprawl, agricultural
intensification or land consolidation programs. It remains a chz'le.2ge for environmental planners
to conserve this characteristic geomorphosite for the Anthropocene and to reconcile its
competing functions.

Keywords: sunken road, hollow road, hollow ~ay Anthropocene, anthropogeomorphology,

geoheritage, ecosystem services.

1. Introduction

The Anthropocene offers unigu. opportunities to study particular landforms whose development
are driven by a combi~an~r of biophysical and socio-economic forces. Research in
anthropogeomorphology €ocuses on geomorphologically based interactions between humans and
landscape resulting in particular landforms (Goudie and Viles, 2010; 2016, Szabo et al., 2010;
Huggett, 2017, Tarolli et al., 2019). One of such anthropogenic landforms induced by traffic in
rural landscapes are sunken lanes or hollow roads (White, 1788; Lach, 1984; Loczy and Siito,
2011; Latocha, 2009). Unpaved roads may be rapidly transformed into permanent landforms as a
result of human and animal trampling, vehicle traffic, water erosion and mass movements. The

term sunken lane (road gully) is understood as a road deepened, compared to the adjacent land



surface, by at least 0.5-1.0 m (Allemeersch, 1987a, b; Nowocien and Podolski, 2008; Zgtobicki,
1998b). This corresponds to the height difference between the road and the neighbouring land
surface too large for an agricultural vehicle to cross. Sunken lanes are generally ascribed to the
downcutting action of wheeled traffic on the formerly unmade road, augmenting and accelerating
the natural process of weathering and erosion (Barton 1987). Boardman (2013) defines sunken
lanes as “road or tracks that are incised below the general level of the surrounding country,
often by several meters. They are formed by the passage of peop.» animals, vehicles and the
action of water and gravity (mass movements).

Sunken lanes are denoted by various terms in differen. languages (see Table 1). Figure 1

illustrates some typical sunken lanes observed in various Z:ropean countries.



Figure 1. lllustration of t pical sunken lanes in Europe. A) Queen Jadwiga Gully, Sandomierz,
central Poland (loess), photo: W. Zglobicki, B) Myjava Hill Land, Slovakia (colluvium on
flysch), photo: M. Stankoviansky, C) Central Belgium (loess), photo: J. Poesenn, D) Carucedo,
Spain (sandy gravel deposits), photo: J. Poesen, E) Taunus uplands, Germany (loess and debris
containing periglacial cover beds over weathered Devonian slates), photo: Ch. Stolz, F) Shepton

Beauchamp, Somerset, UK (Jurassic, Bridport Sands), photo: J. Boardman, G) Kazan, Russia



(loamy to sandy deposits), photo: J. Poesen, H) Calea Neagra (Black Lane), Central Moldavian
Plateau, Romania (sands), photo: 1. lonita.

Table 1. Terms denoting sunken lanes in several languages

Language Terms

English Sunken lane, sunken road, hollow road, holloway
Dutch Holle weg

French Chemin creux, chemin de service

German Hohlweg, Hohle, Hohlwegbiindel denotes “a bundle of sunken lanes”.
Italian Sentiero/via/strada incavata

Polish Wawoz drogowy, glebocznica, wadroze

Slovak Uvoz, Gvozova cesta

Spanish Camino excavado, camino hueco, camio I, indido
Romanian Drumuri de coasta

Russian Dorozhny ovrag

The formation of sunken lanes is part of the antl rrpcgenic landscape transformation (Szabo et
al., 2010). These landforms are quite corimcn n. sloping rural areas of many countries. The
formation of sunken lanes in agricui.ral land, along with the development of gullies and
cultivation terraces, can be considere'( cignificant features of the anthropogenic phase of the
Holocene morphogenesis (Lach 19¢1). Due to their relatively small dimensions, sunken lanes do
not change the main topograchic features of a landscape significantly, but modify the surface of
older and larger landior.ms. Sunken lanes played and still play important roles for humans. All of
them functioned or still function as access roads used for transport of animals, goods and persons
in rural landscapes (e.g. Westerdahl, 2006; Dotterweich et al., 2012; Superson et al., 2014; Nir et
al., 2021). Analysis of the spatial patterns of sunken lanes allows a better understanding of past
human movement and historical route networks on both an inter-site and inter-regional level. It
can offer a better understanding of human-landscape interactions and settlement patterns, as
routes both reflect and influence large-scale cultural and landscape processes, and play a crucial

role in the exchange of resources, knowledge, and ideas. Sunken lanes are valuable landscape



elements that contribute to the understanding of the (economic) history of a region (Dyer, 2006).
Detailed inventories of sunken lanes therefore allow us to supplement and expand the knowledge
gained from historical written sources and cartographic data (e.g. Westerdahl, 2006; VVolkmann,
2017; De Gruchy and Cunliffe, 2020; Iriarte et al., 2020; Stone, 2020; Verschoof-van der Vaart
and Landauer, 2021). In addition, descriptions of sunken lanes as strategic landscape spots, e.g.
for hiding troops on the battlefield or for creating obstacles hindering the movement of troops
(e.g. cavalry) appear on the occasion of significant military events in European and North
American history (e.g. Ehlen and Whisonant 2008; Hippenstez! “C15).

Sunken lanes influence the functioning of geomorpholougical systems and related processes,
hydrology and biodiversity. In the past, sunken lai.>s played an important role in the
development of large gullies (e.g. Dotterweich <t “d.. 2012, Superson et al., 2014, 2016; Nir et
al., 2021). Today they belong to landforr s w.th a very high intensity of geomorphic processes
(Nowocien, 1996; Nowocien and Podc'ski, 2008; Zglobicki, 1998b). Sunken lanes increase
hydrological and geomorphologic?' ccrectivity in the landscape by acting as periodic runoff
channels during heavy rainfalls, which facilitate and accelerate sediment transfer and increase
sediment delivery to rivers (~g. Stupik, 1984; Froehlich and Stupik, 1986; Froehlich and
Walling, 1997; Verstrae.on and Poesen, 1999; Kroczak, 2010; Boardman, 2013; Latocha, 2014).
When deeply cut into the hillslopes, they drain adjacent areas, which reduces the water content in
the nearby soil. Sunken lanes can be hotspots of soil erosion, producing locally large volumes of
sediments causing downstream siltation on cropland, in drainage ditches as well as in rivers and
reservoirs (Jozefaciuk and Jozefaciuk 1992; Boardman et al. 2019). According to Nir et al.
(2021) human movement creates pathways and roads, which decrease the water infiltration

potential and hence results in significant runoff generation and possibly gully erosion. Sunken



lanes complicate farming of the land and the performance of farming practices, including soil
conservation measures and land consolidation (Nowocien and Podolski, 2008). At the same time,
sunken lanes constitute a specific habitat for plants and animals, thus increasing the biodiversity
of many agricultural areas (e.g. Stevens, 1987, 1997; Herault et al., 2003; Martens, 2013;
Heneberg and Bogusch, 2020). Finally, they arouse the interest of tourists and geotourists as
attractive and convenient places for hiking and education (Zglobicki et al., 2015; Warowna et al.,
2016). A better understanding of this geomorphic feature is therc.~re important for landscape
management, but also for bio and geodiversity studies (Pauv.:2!s 2:d Gulinck, 2000; Schrodt et
al., 2019).

Although sunken lanes are a common geomorphologic.' feature in many regions around the
globe, resulting from human-environment intere~d0'1s and playing an important role in the
functioning of rural landscapes, a global r-=vicw (state of the art) of the different aspects of this
landform is currently lacking. Reported specific information on sunken lanes is also often
dispersed over several disciplins ‘e.g. geomorphology, biology, ecology, archaeology,
hydrology). Most scientific litei>ture on sunken lanes comes from Europe (see tables 2, 3 and 4
for references)). For manv veyi~as, no studies on sunken lanes have been published so far. Even
in countries where the numper of publications is relatively high, several aspects of sunken lanes
have not been addressed, and most publications deal with only one particular sunken lane. There
is a lack of area-wide mapping, characterization, dating and understanding of the various
functions of sunken lanes in rural landscapes around the globe.

The objective of this paper is therefore to review relevant literature reporting on various aspects
of sunken lanes in a selection of European countries where sunken lanes are abundant. These

aspects include the conditions for their formation (controlling factors), their spatial distribution,



geomorphological processes shaping them, contemporary changes, and the role of appropriate
management. Relevant literature reporting on all aspects of sunken lanes was searched and
collected in 2020 and 2021 using Web of Science (all databases), Google Scholar and
ResearchGate by selecting key words denoting sunken lanes in several languages (i.e. English,
Dutch, French, German, Italian, Polish and Spanish; see Table 1). All authors also retrieved
“grey literature” (e.g. books, theses, reports, geotouristic brochures) on sunken lanes published in

their country and complemented this with their field observations ri.e over the last 50 years.

2.Where do sunken lanes occur in Europe?

Reports and field observations reveal that all European cc intries have sunken lanes, though their
number and density may vary a lot. Apart fr.*a .ndividual studies, however, there is no
systematic research for larger areas on thc inf.uence of lithology on the development of sunken
lanes. Reported case studies of these foi.s in European countries published in international and
national research papers is presente brluw (see also Tables 2, 3 and 4). A recent review by De
Geeter et al. (2020) indicates th.." most sunken lane studies conducted in Europe have focused on
hilly loess areas. This may inu*~ate that the density of sunken lanes in these areas is highest. On
the other hand metrics such as density of SLs are strongly linked to the density of investigation.
In Belgium, sunken lanes are common geomorphic features in sloping rural areas of the silt loam
and sandy loam belt (central Belgium) (De Geeter et al., 2020). These have attracted the attention
of local and regional organizations as well as scientists investigating various aspects (see Table
2). In Czech Republic Demek et al. (2012) reported a dense network of old sunken lanes,
formed especially in loess deposits of the Moravian-Silesian Carpathians. Over time, many of

these transformed into gullies. In Denmark and Sweden ancient sunken lanes connecting



settlements and fortresses have been studied by archaeologists because roads contain the
collective memory of human travel from prehistory to the present (e.g. Stensager, 2002;
Westerdahl, 2006; Ulriksen et al., 2020). In Germany, most investigated sunken lanes are
located within the central German uplands (Dotterweich, 2008). Sunken lanes contribute to the
character of the landscape especially in loess regions and in areas with viticulture (e.g.
Rheinhessen, Kaiserstuhl) and along important historic road systems in the uplands (Table 2).
The investigation of sunken lanes and former road networks has a 1cng tradition in Germany but
so far no systematic analysis of their spatial distribution k2~ .2¢n made. In Great Britain,
sunken lanes are mainly described in the southern part of ti.~ country. They occur on the Bridport
sands in Somerset and Dorset, on the Lower Greensara i West Sussex and Surrey and on the
Chalk of the North and South Downs (Table 2) "*ev also occur on sandstones in the Midlands
and in the south west (Boardman 2013). (n '{fungary, sunken lanes are a common landscape
feature, particularly in areas with thick 'ness-mantled hills such as in the Somogy hills or the
Tokay hills (Jakab and Szalai 201%: K>rZnyi, 2015) or on slopes along the Danube river (David
et al. 2011). In Poland, Jozefac 1k and Nowocien (1991) report that the total length of sunken
lanes is ca. 19 000 km, i is ca. 50% of the total gully network length (Jozefaciuk and
Jozefaciuk, 1992). With..~» agricultural uplands they are particularly common in loess areas. For
example the total length of sunken lanes within the Lublin Upland and Roztocze (E Poland)
amounts to 1451 km, which compared to 3880 km of permanent gullies is a considerable length
(Kotodynska-Gawrysiak et al., 2011; Harasimiuk and Gawrysiak, 2012). Sunken lanes are also
found in the highlands, in the Carpathians and the Sudetes (Froehlich and Stupik, 1980;
Froehlich and Walling, 1997; Kroczak, 2010; Latocha, 2014; Migon and Latocha, 2018) (Figure

2). Occasionally they occur in the Lakelands, especially in Pomerania, on the edges of glacial
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plateaus (Jaworski, 2018) and exceptionally in the lowland belt on the side slopes of large
valleys (Rodzik et al., 2015). In Romania, sunken lanes are found on the plateaus i.e. Moldavian
Plateau, Getic Plateau and Transylvanian Plateau of the Sub-Carpathians (Radoane et al. 1995;
2017). The Barlad Plateau, i.e. the major subunit of the Moldavian Plateau (east Romania), is by
far the most representative area where sunken lanes developed. Nykamp et al. (2015) reported
the presence of ancient sunken lanes in West Romania that evolved towards gully channels.
Sunken lanes are also common in other Romanian hilly areas vt they received little or no

research attention
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Figure 2. Loess covered areas (1) and regions in Poland with high densities of sunken lanes (>
0.5 km km?) (2) (based on Jozefaciuk and Nowocien, 1991). Loess covers according to

Maruszczak 1961, 1987; Hasse et al. 2007.



Sunken lane density is very low in the European Part of Russia (EPR). They are relatively
uniformly distributed within the southern half of the EPR, where most agricultural lands are
located. Most sunken lanes are formed on the relatively steep banks of the different slope
sections of the fluvial network (river valley and dry valley, so called balka) as part of unpaved
roads connecting different settlements (Dokuchayev, 1936; Sobolev, 1948). In addition, sunken
lanes are a very typical element within old Russian cities, located on steep river-banks. They are
very often part of old trade roads, which were used for transportati.n of agricultural products to
the local trade fair (Massalsky, 1897; Dokuchayev, 1936; Ry<i» 1248). In agricultural areas the
density of sunken lines is somewhat greater within the u,lands (Srednerusskya, Privolzskaya,
Smolensko-Moskovskaya etc.) due to the larger vallev v=usities and the more contrasted relief
compared to the lowlands (Sobolev, 1948). In the 7 arpathian part of Slovakia sunken lanes are
linked to the topography of uplands and r. our @ins on one side and downfaulted intra-mountain
basins and structurally-lithologically cor.ditioned depressions on the other (Buc¢ko and Mazurova
1958). In lowlands of the Pannoni~n 2=sin the formation of sunken lanes affected mostly the

higher parts of hill lands, espec. ~lly in the contact zones with mountains.

3. Main research topics

An analysis of the literature indicates that various topics of sunken lanes have been addressed by
geographers, biologists, archeologists and historians (Table 2). Geomorphologically-oriented
studies mainly dealt with processes and intensity of sunken lane development, factors controlling
their formation and spatial distribution. In Great Britain and in the papers on the Polish
Carpathians, attention was paid to the role of relief forms related to unpaved roads, and sunken

roads in connecting hillslope and fluvial geomorphological systems. The important ecological



role of sunken lanes was discussed in publications from Belgium and Germany. On the other
hand, studies on sunken lanes as tourist and geotouristic attractions were undertaken in Poland.
In Belgium, several publications provide guidelines for the multifunctional management of
sunken lanes. This literature review suggests that sunken lanes are a typical phenomenon for
rural areas in Europe. Field observations outside Europe, however, reveal that sunken lanes are

also a common landscape feature in rural areas of other continents (Figure 3).

Figure 3. Illustration nf . unkn lanes observed in Africa, South America and Asia. A - Rondo

Plateau, Tanzania (loamv sands in fluvial deposits), B - Arb Gebeya, Ethiopia (loamy clay soils
on strongly weathered volcanic rocks (basalts and ignimbrite), C - Quito region, Ecuador
(weathered volcanic ash deposits), D - Kaninga, West Uganda (sandy- clayey lacustrine
deposits), - - (Photo A-D: J. Poesen), E — loess area, beginning of 20™ century, China, (unknown
area and author,
https://en.wikisource.org/wiki/File:PSM_V82 D117 Roadway_sunken_into_the loess_by cent

uries_of _travel.png).



Table 2. Main research topics of sunken lane studies in some European countries.

Topic Belgium Germany Poland Slovakia UK
Eichhorn, 1965, oo < 201"
s Stevens, 1987; StraBmann, 2004; Gawr siZk ot al Bucko and
E= Vanwalleghem et Burse, 2017; 201 l‘yKI‘ZGmiCI:l’ Mazlrova,
-‘é al., 2003; Herzog, 2017 ’ and 1958 -
7 De Geeter et al., Volkmann, 2017 Watdvkowski Stankoviansky,
a 2020 Kirchner et al., 2013_y|_atocha’ 2003a,b
2020; ’201 4 '
Rodzik, 2006;
.  Stevens, 1987; Denecke, 1969: D2°J§e{-wé'é§;§eaﬁ"
25 Poesen, 1989, Baier and Wolff, ’ .
= . . and . White, 1788,
c S 1993; Poesen, 1993; Ambos and Watdvkowski Stanko.iansky, Boardman
52 2018; Poesen et Kandler, 1999; _y ! 20 3a, b ,
c g 2013; Latocha 2013, 2014
o al., 2018. De Sandner et al., )
e} 2009, 2014;
Geeter et al., 2020 2014 Superson et al
2014, 2016
Hempel, 1957, Zgtobicki, 1€ 0.
Denecke, 1969; Gardziel a. 4 .
? Alliggegsch, Kirchner, et al. Rodzik, 2731, ;fergingga;g
2 Vanwalleghem et 2020; Wald®Opeid and Lu%(nig 1977 -
2 g. Moldenhauer, et Krz=wn “en. 2013; i
S al., 2003; De | ) b zik | Stankoviansky,
S Geeteretal, 2020 2l 2010; Ambos h.rzlk et al, 20033, b
B and Kandler, 21 15; igon and '
1999; Latocha, 2018
" Poesen, 1989, Moldenh.aue: at
2 1993; al, 2010; Stolz, = 70 icki, et al
s ' 2011; Fors er P
; Poesen, et al. 2012: [Sanhen “n, 1975; Nowocien, i Boardman et
2 1996; ’ ' 1996; Rodzik et al., 2019
3 Vv q and Hsrma. ", | 2015
i erstraeten an 2014" Kiro ner et al.,
Poesen, 1999 al., 2020
Stupik, 1984;
3 Froehllch anq Farres et al.,
= Verstraeten ar .. Stupik, 1986; 1993:
2 Bauer, 1993 Froehlich and - '
ke Poesen, 1999 - . Boardman,
> Walling, 1997; 2013, 2014b
L Kroczak et al., '
2016
Baier and Wolff,
3 Deckers et al., 1993; Ambos and Kahuseak
2 2005; Stevens, Kandler, 1999; - 1088 Way, 1977
Y 1987, 1997 Miiller, 2005;
Dannapfel, 2007
§ S;Z\Gewn:islagr?g; Jozefaciuk and
£ Gulinck 2000- Jozeaciuk, 1996;
% RLD é004_ ! Dannapfel, 2007 Mazur, 1999; - Barton, 1987
c ' ! Mazur et al.
(G - il
s RLHV, 2006; 2015, 2016

Verdurmen, 2018




£ Zglobicki et al.,

= Ambos and 2015, 2019;

S _ , : 5 ]
3 Kandler, 1999 Warownaetal, | apco 2014

" 2016

4. Characteristics of sunken lanes

Different researchers use the terms sunken road or holloway (Table 1) to denote different
geomorphological features. The term sunken lane is sometimes uszd for all unpaved roads whose
bottom is below the soil surface. In other studies, these are on’y 1.rms with a depth of several
meters and vertical walls. For example in Poland, the terin suiken lane is reserved only for
landforms with an unpaved road surface and that are A. lecst 1.5-2.0 m wide and at least 1-2 m
deep. More attention has been paid to the mcirhology and role of unpaved roads (e.g.
Watdykowski and Krzemien, 2013) but n~* ¢.ery unpaved road is a sunken lane. Detailed
research conducted in the hilly landscape of 1:1ztocze Szczebrzeszynskie (Poland) indicated that
the share of landforms connected to i'ic:c2n unpaved roads is as follows: i) shallow incisions (up
to 0.3 m deep) - 72% of the lana:rms, ii) deep incisions (0.3-2.5 m) - 23%, iii) typical sunken
lanes (> 2.5 m) - 5% (Zglobic..*. 1998a). For small catchments of Stotowe Mts (SW Poland),
Latocha (2014) indicated that on average sunken lanes (road gullies) developed within 6% of the
unpaved roads. Therefor=, it is not always possible to compare the morphological characteristics
of sunken lanes observed in different regions due to the absence of universal definition.

Sunken lanes are most often single, straight-line incisions that run perpendicular or oblique to the
contour. A characteristic feature of sunken lanes is that they often have a very small catchment
area (Zgtobicki 1998b; De Geeter et al. 2020). An important difference between sunken lanes
and permanent gullies is the often oblique trajectory with respect to the contour of sunken lanes

on steeper slopes. In contrast, gullies on steep slopes typically cut the contour lines



perpendicularly. It should also be noted that when compared to permanent gullies, sunken lanes
have no clear vertical headcut. In contrast to gullies not related to a road network cutting the
bottom of dry valleys, sunken lanes often develop within convex hillslopes (Figure 4). In some
regions a group of nearly parallel sunken lanes have been reported (e.g. Gardziel and Rodzik,
2001; Vanwalleghem et al., 2003; Westerdahl 2006; Demek et al 2012; Martinek and Bil 2017).
Denecke (1969) distinguishes between active sunken lanes (with wheel-tracks and trapezoidal
cross section) and abandoned (dormant) ones (characterized by a U-shaped cross-sectional

profile) that have become in some cases footpaths.

Figure 4. lllustration of a permanent gully (A) and a sunken lane (B) (Natgczow Plateau, E

Poland; source: LiDaR data; http://geoportal.gov.pl).

As to the minimum (bottom and top) width of a sunken lane, no threshold values have been
proposed in the literature. Many sunken lanes originated as footpaths which over time became

deeper but also wider, particularly when being used by carts. The distinction between an incised



footpath and a sunken lane is not clear cut, which is similar to the distinction between a rill and a
gully channel. In order to classify rills and gullies quantitatively, a critical channel cross section
of 929 cm? (square foot criterion) has been proposed (Poesen et al., 2003). Along the same lines,
a minimum bottom width of 2.0 m over most of its trajectory is therefore proposed to distinguish
between a sunken footpath and a sunken lane. The transition from an incised footpath to a
sunken lane represents a continuum, and any classification of these anthropogenic landforms is,
to some extent, subjective. However, after abandonment the bottor. width of sunken lanes may
decrease to less than 2 m due to deposition of sediments (col'-*a.tion) originating from the lane

banks (Figure 5).

Figure 5. Abandoned sun'.e:r. laiies: A - Hungers lane, West Sussex, UK, photo: J. Boardman), B

— Carpathian Forelands, S Poland; photo: W. Zgtobicki)

Typical dimensions of sunken lanes in several European countries are shown in Table 3. Most
often sunken lanes are rather shallow (i.e. less than 2 m deep), but under favourable conditions
they may reach considerable sizes: i.e. several hundred meters long, and even over 1 km and up
to 12-15 m depth in Belgium, Poland and Hungary (Allemeersch, 1987a; David et al., 2011;

Kotodynska-Gawrysiak at al., 2011). Boardman (2013, Table 3) lists sunken lanes up to 2.3 km



in length in the Midhurst area of West Sussex, UK, with gradients between 0.03 and 0.06 m.m™.
In China, sunken lanes up to 40 m deep have been recorded (David et al., 2011). The banks at
both sides of the road are often interrupted by passageways (side-roads) to access agricultural

plots or due to a crossing with another sunken lane (Boardman, 2013).

Figure 6. Cross-sections of a sunken lane (A) +nu = «pical permanent gully (B) (loess area, E

Poland) (Photo: W. Zgtobicki)

The cross-section of sunken lanes :s Jiuer trapezoidal or U-shaped (Figure 1 and 6). In cohesive
silty sediments, such as loess, 2r .andy sediments with intercalated sandstone layers, the walls of
these forms can be very ste>0, sometimes vertical. This applies in particular to currently used
roads and clearly distingu shes these forms from permanent old gullies, which have most often a
V-shaped or trapezoidal cross-section. U-shaped cross-sections often result from mass movement
processes on the sidewalls. Sunken lanes that are currently in use typically have a flat 3-4 m wide
bottom that is usually devoid of vegetation. If the road is intensively used and the bottom
levelled regularly, the cross section is close to a rectangle. The depth of sunken lanes typically

increases when travelling from hilltop downslope, reaching several meters in the case of roads



used for several centuries (Figure 7). The maximum depth typically occurs at convex hillslope

sections.

Table 3. Reported dimensions (mean, range, maximum) of sunken lanes in European countries.

. Length Width Width
Countr Region Depth [m Reference
y . [m] _(floor) [m] _(top) [m] PPN ™
Central Vanwalleghem
Belgium Belgium, 65 11 4.6 0.6 et al. (2003)
Meerdaal Forest
Belgium Ce?gsliliggslum 285 2.3 10 25 De Geeter et
cropland) (12-913) (0.8-11.0) (5-2E) {0.5-10) al. (2020)
\ <2-8 Kirchner et al.
Germany Lower Saxony 100 - 1200 <'0 (2020)
Germany  Taunus uplands 1100 1.5-3 . <"0 <5 Stolz (2011)
Rheinhessen Ambos and
Germany loess area 83-320 25 - <6 Kandler
= (1999)
Lublin Upland, Gawrysiak,
Poland Roztocze 310-1300 2-7 6-36 1.5-125 (unpublished
Region f data)
Naleczow ) ) ) ) Zglobicki
Poland Plateau 100-600 3-5 up to 6-8 (1998h)
Poland Carpathian Mts. - 2 5-16 0.5-5.0 Sajdak (1987)
Poland Sudetes 20 /.2 - - 0.4-4.0 Latocha 2014
Up o i i i Jary et al.
Poland Sudetes 1070 4-10 5010
Moldavian lonita
Romania <600 3-5 10-15 <4 (unpublished
Plateu
N data)
Agricult:l Golosov
Russia areas ¢ fthe 30-60 3-5 4-7 1-5 (unpublished
RusSic™ Fiaan data)
. Sperling and
Slovakia Low 1atras - <31 <135 <8 Zigrai (1970)
. Little Bucko 1963
Slovakia Carpathians <1200 i i <4 Luknis (1977)
. Povazsky Inovec Liscak et al.,
Slovakia Mits 700 - 15 <8 (2012)
Stanoviansky
. Myjava Hill i i i i (2003a,b;
Slovakia Land 100 - 800 2-10 unpublished
data)
UK Midhurst 900-2300 1-4 1-5 <10 Boardman

(2013)




Figure 7. Active sunken lanes. Illustration of successive Aoy mcutting stages of unpaved roads by
traffic and water erosion in the western part of Nrlge-ow Plateau (E Poland) (Photo: W.

Zgtobicki).

There are only few measurements of scnken lane densities in various European regions. For
some regions (10 to 100 km? larg~) ¢ =:acterized by sunken lanes in Belgium, Poland and the
UK, reported densities are tyoically 0.2-0.5 km km™ (Allemeersch, 1987a; Verstraeten et al.,
2009; Kotodynska-Gawrvziak =2 al., 2011; Boardman, 2013). Jozefaciuk and Nowocien (1991)
reported densities above & 5 km km for vast regions in Poland (Figure 2). For areas smaller than
10 km?, densities may reach 1-2 km km™ (Zgtobicki, 1998a; Latocha, 2014; De Geeter et al.,

2020).

5. Age of sunken lanes
Research on determining the age of sunken lanes is very limited. According to Boardman (2013),

determining the time of first incision of a sunken lane is not straightforward. The initial incision



can be very old, but the slopes of the sunken lane banks can be very recent due to more recent
erosion processes or mechanical widening by humans. Most data available on this subject are
primarily estimates and are not based on detailed dating results. In this case, assessments of the
age of the initial sunken lane incision is based on the assumption that the emergence of new rural
roads is related to major socio-economic changes, the establishment of new settlements, or
changes in the structure of agriculture. The association between ancient settlements (towns),
tumuli, castles, fortresses, ports, mines, quarries and important roau. with the presence of nearby
sunken lanes (hollow roads) connecting sites of past human ‘~te,"cntions is a strong indication
that the initiation of these sunken lanes dates back to their 2ge (see e.g. Shore, 1898; Stensager,
2002; Westerdahl, 2006; Wilkinson et al., 2010; Slamov. et al., 2014; Nouwen, 2020; Ulriksen
et al., 2020; Table 4.). This approach is associat=c vit 1 difficulties in estimating the age of these
landforms and their continuous transform tior.s by natural and anthropogenic erosion processes
causing the blurring of the original mu:nhology. For this reason, we only have more precise
dates for the recent (i.e. less than 210 ‘«ars old) sunken lanes. Determining their age is mostly
based on the analysis of histor.>al niaps which allows one to reveal more precisely the period
during which a road was c2nsucted that developed into a sunken lane.

Table 4 summarizes the findings from case study areas and regions reporting periods during
which sunken lanes most probably were initiated and in some cases evolved towards larger
permanent gullies. From this overview, one can conclude that as soon as permanent settlements,
tumuli, castles, fortresses, ports, mines and quarries were established sunken lanes in footpaths
or unpaved roads could develop. This literature review indicates that in Europe and the Middle
East sunken lanes already developed in prehistoric times: e.g. in Belgium, Czech Republic,

Denmark, Germany, Romania, UK, Syria and Irag. During subsequent periods with increasing



population, settlement density, cropland area and traffic, sunken lanes further developed e.g. in
the Roman Period (Belgium, Hungary), Middle Ages (e.g. Belgium, Czech Republic, Denmark,
Germany, Hungary, Poland, Slovakia, and Romania) and early to late Modern times (e.g.
Belgium, Poland, Romania, Russia, Slovakia). Over time, most sunken lanes further deepened
and widened, some of them evolved towards large permanent gullies whereas some of these
became footpaths or were completely abandoned and can still be observed today as dormant

sunken lanes in old protected forests.

Table 4. Reported periods during which sunken lanes .‘ere most likely initiated in various

countries.
Country Region Age Method Reference
Belgium Meerdaal Forest Prehistr, i Archaeological evidence Vanwazlzegg\;)m etal.
. . . De Bie and

Belgium Meerdaal Forest Roman Archaeological evidence Adriaenssens (2009)

Belgium Tongeren Ro.man Archaeological evidence Nouwen 2020

Belgium Limburg L 1t§h.\ anjeval Historical documents Allemeersch (1987h)

_ 1&€" rentury and maps
. . . k. ~historic - . . Martinek and Bil
Czech Republic  Bohemia, Moravia Medieval Archaeological evidence (2017)
Stone Migration
Denmark Broskov, Zea'and Age (AD 400- Archaeological evidence Westerdahl (2006)
T 550)
Viking Age
Denmark Bory, iny (10th century Archaeological evidence Ulriksen et al. (2020)
AD)
Denmark Jutland Medieval Archaeological evidence Stensager (2002)
L . . Asmus (1958),
Germany Lower Saxony Prehistoric Archaeological evidence Hinz (1951/52)
Germany Main River Region Iron Age to H.'gh Archaeological evidence Volkmann (2017)
Medieval Period
Germany Taunus Mts. Medieval Historical documents Stolz (Z?iéé;Sl)Elchhorn
Germany/France Upper Rhine valley Iron Age Archaeological evidence Faupel (2017)
Germany Lower Saxony Medieval Historical documents Kirchner et al. (2020)
Roman and . . .

Hungary Hungary Medieval Archaeological evidence David et al. (2011)
Poland Natgczow Plateau Medieval Historical documents Hocz;(/liégg/;/kowa
Poland Nateczéw Plateau 16M -17™ Dating of colluvial Dotterweich et al.

eczo centuries sediments (2012); Superson et al.




(2014)

Romania West Romania Late Bronze Age Archaeological evidence Nykamp et al. (2015)
. . Late Medieval L .
Romania East Romania 18" century Historical documents lonita (pers. Comm.)
. 17" and 18" o Pallas, 1876; Sobolev,
Russia European part centuries Historical documents 1948
Slovakia ZVOIer?r; dPusty Medieval Archaeological evidence Slamova et al. (2014)
. . . Historical maps and Stankoviansky
Slovakia Myjava Hill Land 1550 - 1840 documents (20033, b)
Syria Mesopotamia Earl;l/AS;onze Archaeological evidence Ur (2003)
Syria Tell Brszzljri(z)orthern Bronze Age Archaeological dating Wilkinson et al. (2010)
. Southern . " De Gruchy and Cunliffe
[ A
Syria and lIraq Mesopotania Bronze Age Archaeologica _vu, nce (2020), Stone (2020)
Anglo-Saxon
UK Hampshire (6" -11" Archaeol’.gic. ' evidence Shore (1889)
century) (A
UK Southern England Iron Age Arc’ .. 0l ical evidence Boardman (2013);

Bell (2020)

Detailed geomorphological and archaeological inv<stirjations of an old forest in central Belgium
(Meerdaal) suggest that the presence of old and abandoned sunken lanes may date back to
prehistoric (Neolithic; Vanwalleghem euv 1., 2003; Poesen et al. 2018) and Roman times (De Bie
and Adriaenssens 2009). In Limbi'*g ‘Fast Belgium) few indications point to the presence of
sunken lanes before Medieval t. mes (Allemeersch, 1987b). During the late Medieval period, the
road network in rural areas ‘was fully established indicating that sunken lanes could have
developed from these tii."2s onwards. Study of historical maps indicate that at the end of the 18"
century most rural roads had already sunken lane sections (Allemeersch, 1987b).

Due to a strong population increase since Medieval times, the cropland area expanded and
transportation intensity increased (Stevens, 1987, 1997). Moreover, most roads at that time were
not paved which favoured the (further) incision of the sunken lanes. A second wave of road
incision occurred in the loess belt in the late 19" and in the beginning of the 20™ century
(Allemeersch, 1987b). Again, an increase in transportation intensity occurred due to

developments in agricultural techniques. Halfway through the 20™ century the number of sunken



lanes appeared to be reduced when comparing topographical maps with the current situation
(Allemeersch, 1987b). Since the 1960s many sunken lanes disappeared during land consolidation
activities (through infilling of sunken roads). Other sunken lanes were abandoned or filled up
since they were no longer useful in the road network. At the outskirts of villages, sunken lanes
disappeared due to urban sprawl and the remaining sunken lanes were often paved, preventing
their further incision (Stevens 1987, 1997; Boardman, 2013). Also new sunken lanes originated
during the construction of new roads, adjusted to the dimensions ¢i1 modern agricultural vehicles
and transportation needs (Stevens, 1987, 1997).

Several studies in Germany describe prehistoric sunken i1.nes and wagon tracks (Asmus 1958)
and paths near prehistoric burial mounts in Schleswig,Mo.*\1 Germany (Hinz ,1951/52). In Lower
Saxony, Kirchner et al. (2020) investigated sun<n anes that were most probably formed in
Medieval times. This is concluded from * e 7ges of the nearby settlements and the analysis of
soil profiles exposed in sunken lanes. ~. Late Medieval system of sunken lanes in the Taunus
Mts. (Western Germany), in connertioi Vvith a deserted settlement, was reported by Stolz (2011).
However, at that time these roa.'s were mostly not deeply incised. By combining studies on the
social-economical history ~f vl areas with recent dating of sediments, researchers concluded
that the development of .~e majority of the road gullies in Western Europe started during the late
High Middle Ages. Stolz (2011) dated colluvial sediments from field terraces, which were partly
cut by sunken lanes (and are therefore younger). Additionally, historical documents describing
road trajectories have been analyzed.

In Poland the development of most sunken lanes was undoubtedly associated with the
development of agriculture and trade in the Middle Ages, at the beginning of Polish statehood,

and locally perhaps even earlier, in connection with the establishment of villages in river valleys



and cropland plots on the plateaus (Hoczyk-Siwkowa, 1999). The rapid development of gullies,
including sunken lanes, occurred since the end of the fourteenth century and was associated with
the widespread establishment of villages and farms as well as the stabilization of land use and the
intensification of cultivation, including the introduction of the three-field system (Maruszczak,
1988). After great geographical discoveries, the demand in Western Europe for forest and
agricultural products: wood, tar, grain, ropes, canvas (Gierszewski, 1982) played an important
role. Access roads to the river ports were intensively used then, inci.'ding the town of Kazimierz
on the Vistula. Kazimierz's "golden age" as a grain export centre “zls at the turn of the 16™ and
17" centuries. The intensive use of roads was accentuated ..\ the extreme climatic phenomena of
the Little Ice Age, resulting in the rapid developmen. of gullies (Dotterweich et al., 2012;
Superson et al., 2014). However, a large part nf *1e sunken lane network is younger and was
formed during the last 100-200 years.

Nykamp et al. (2015) describe sunken :2ne and gully channel patterns which were formed in
association with Late Bronze Age atiays at the fortification enclosure of larcuri in Western
Romania. The fact that certa. channels can be associated with the verified gates or the
settlements within the Lat~ k. ~"ze Age fortification suggests that they formed during the same
period as hollow ways. These patterns are very similar to ancient hollow ways observed in
Mesopotamia, Syria, south-eastern Turkey, and northern Iraq (Wilkinson, 1993; Wilkinson et al.,
2010) or in the Northern Negev, Israel (Tsoar and Yekutieli, 1992). However, based on an
analysis of permanent gully growth rate and the deforestation history of the area (Radoane et al.
1995, 2017; lonita et al., 2015a) it can be concluded that most present-day sunken lanes on the

Moldavian Plateau (east Romania) are not more than 300 years old.



The age of sunken lanes in the European Part of Russia is directly linked to the history of the
country and the increasing population. During the Middle Ages, the main transport arteries in
Russia were rivers. Permanent roads that connect major cities only appear from the beginning of
the 17™ century. From then onwards, sunken lanes developed on sections of these main roads
(Tereschenko, 2007). Moreover, in each ancient city of Russia, whose age is approximately 900-
950 years and younger, sunken lane formed from the moment of their foundation, since the cities
were located on high river banks (Pallas, 1876; Sobolev, 19+ With the growth of the
population, starting from the 18™ century, the number of se2n1.2zry roads between individual
settlements began to grow along the shortest trajectory b.tween settlements, in contrast to the
main roads, which were mainly located along the relac~ely flat watersheds. The network of
unpaved roads between settlements reached ite 1 *ahv.st density in the late 19" and early 20"
centuries, i.e. at a time corresponding to tF = hi ghest peasant population density in Central Russia
(loffe et al., 2006). It is most likely that *he majority of sunken roads, that are mainly located in
rural areas in the southern half of the Fast-European Plain, originated in that period (Gelfer,
1901; Sobolev, 1948).

Analysis of written historic~! s~wrces and old maps in the Myjava Hill Land in Slovakia suggests
that sunken lanes in n.st of this territory originated in the 16" century until the 1840s
(Stankoviansky, 2003a, b). Their development in this period results from the cumulative effect of
both important land use and climatic changes. In this area there is ample evidence of the
important role of roads in the development of gullies and sunken lanes. In a first phase sunken
lanes formed in rural road tracks and paths. Later permanent gullies developed by erosional
deepening of them. Gullies and sunken lanes that formed in parts of the Myjava Hill Land that

were settled earlier, can be older (Stankoviansky, 2003a, b). At the Pusty hrad site near the town



of Zvolen, it was confirmed that sunken lanes date from the Medieval period (Slamova et al.
2014).

Based on historical maps and archaeological data, it was found that some road patterns currently
observed in southern England (UK) date from prehistoric and Roman times (Boardman, 2013).
In the Midhurst area many sunken lanes link Saxon age villages (5th century AD), at river
crossing points, to forest, heathland and grazing on uplands to the north and south (Boardman,
2013). They are likely to have been part of a system of transhumad.~e, of seasonal movement of
animals to upland pastures. Barton (1987) stated that “whi'z u, ni0st cases downcutting is of
considerable antiquity the existing cutting slopes may L> of much more recent age”. Many
sunken lanes are now paved and downcutting has ceasea. '1ungers Lane (West Sussex, UK) was
abandoned in 1800 as a major routeway linking t.>: trwns of Chichester and London (Figure 5;

Vine, 1985). It is 1.3 km long and used toc'1y #s a footpath.

6. Factors controlling the genesis ~nc. “2avelopment of sunken lanes

The most important biophysicai ‘actors controlling sunken lane formation include slope gradient,
type of soil and bedrock, ~'in.~*2 as well as vegetation type and cover (Denecke, 1969). At the
continental scale one n.ov state that the development of sunken lanes basically requires the
presence of two major natural factors: a lithology and soil type characterized by a low erosion
resistance and a hilly topography (Kotodynska-Gawrysiak et al., 2011; De Geeter et al., 2020).
Formation of these landforms is a type of gully erosion and hence slope gradient and catchment
area control flow shear stresses and hence flow erosivity. To create a sunken lane an unpaved
footpath or road needs to be first established on an inclined surface in an area with erodible soils

that have some cohesion to maintain subvertical road banks. Next, various anthropogenic factors



control its further development and evolution. These factors are discussed below. Literature
presenting quantitative information on factors controlling sunken lane development is, however,

Scarce.

6.1. Lithology and soils

Rock type, weathering status and soils control the erodibility of the material in which sunken
lanes develop, and hence their initiation, development and prese:vtion. An inventory of sites
and regions in Europe where sunken lanes have been studie” vc.zals that most study areas are
located on silty soils (De Geeter et al., 2020). In fact, mc~t sunken lanes in Europe have been
reported in loess landscapes with Luvisols and Cambiso.. (e.g. in Belgium, Germany, Hungary,
Czech Republic, Poland, Russia). The incision ¢ wteel-tracks by concentrated runoff can be
extremely rapid in loamy, sandy loam anc' lo2.ny sands as these textures rank amongst the most
susceptible soil materials to soil erosion v water (Poesen, 1993; Knapen et al., 2007). However,
so far, no systematic spatial analysi~ o’ thie relationship between the occurrence of sunken lanes
and lithology has been cond."tea, except one study in Poland. Research of the spatial
distribution of sunken lar=< i~ ¢che Lublin region, E Poland (12,000 km?) and their link with
lithology indicates that ni.are than half of them developed in loess deposits. Loess occupies about
27% of the study region, but 56% of all observed sunken lanes are located there (with a total
length of 810 km). Loess areas have also the highest sunken lane densities, up to 9.5 km km?
(Kotodynska-Gawrysiak et al., 2011). Sunken lanes have been observed in Sudetes (SW Poland)
in periglacial deposits (Migon and Latocha, 2018) and occasionally in sands (Rodzik et al.,
2015). In Belgium sunken lanes also formed in the sandy and the sandy loam belt as well as in

areas where soft rocks (chalk, calcarenite or weathered shales) are present at shallow depth,



provided there are sufficiently steep hillslopes. In the low mountain ridges in Germany, sunken
lanes developed in profiles with thick periglacial deposits, and more rarely in saprolithic
bedrock. The prevailing lithology for a long-term preservation of sunken lanes in Romania are
sandy-loamy deposits, while a clayey substratum/soil or seams of clay and sand favour mass
movements soon after their incision (lonita et al., 2015a).

In mountainous parts of Slovakia the highest gully and sunken lane density occurs in areas with
less resistant flysch and volcanic rocks. In the lowlands the denses. network of these features is
associated with Neogene sediments and especially with loess ‘~i. Lucko and Mazarova, 1958).
In the UK the materials of the sunken lane banks can rai.e trom loose sand of the weathered
mantle, weakly locked or locked sands and harder, cer.=nted rock bands or masses and their

stability cannot be quantified by traditional soil or - sck. mechanics methods (Barton, 1987).

6.2. Topography

Sunken lanes typically develop as ~ re=it of erosion by surface runoff over a bare footpath or
road surface with low permeawv’lity. Therefore, sloping surfaces are needed for this runoff to
incise. The slope gradient oz @10t have to be large to allow for the initiation of a sunken lane:
i.e. 0.02 t0 0.04 m m™ (2*avens, 1997). In such cases, however, they form shallow road incisions
(Zgtobicki, 1998a). Deeper sunken lanes develop on steeper slopes where the erosion rates
increase rapidly above a longitudinal road slope gradient of 0.08-0.10 m m™ (Nowocien, 1996).
Only two studies discuss the relationships between topography and the occurrence of sunken
lanes. A detailed analysis of the topographic characteristics of 132 representative sunken lane
initiation sites in the Belgian loess belt revealed no clear trend between soil surface slopes of the

surrounding land (S, ranging between 0.02 and 0.23 m m™) and the corresponding runoff



contributing areas (A, ranging between 93 m? and 114 ha; De Geeter et al., 2020). The absence
of a clear relation between S and A values for sunken lane initiation points contrasts with a clear
negative trend in such topographic data for classical gully heads (Torri and Poesen, 2014; Torri
et al., 2018). These observations clearly point to the importance of other than natural processes
(i.e. concentrated runoff erosion) controlling the formation of sunken lanes, i.e. anthropogenic
processes (erosion by animal and human trampling, wheel traffic and digging). This study also
revealed that sunken lanes can be initiated at landscape positici.> with a much lower slope
gradient and corresponding contributing area than those need- \c Initiate classical gullies, even
under very erosion-prone land use types (De Geeter et al., 2020). Since sunken lanes may even
incise gently sloping plateaus (e.g. in Poland and Belgiu =3, the slope gradient threshold may be
very small (i.e. 0.01 —0.02 m m™).

According to Nowocien and Podolski (2 108 the deepest sunken lanes in loess regions of E
Poland formed on slopes with a gradien. af 0.08 to 0.12 m m™, and the shallowest ones in areas
with a slope less than 0.08 m m™ a~ a~rve 0.14 m m™. In areas with diversified relief, the basic
network of agricultural unpaveu roaus (at least 25% of the total road length) is located on slopes
with a gradient of 0.06 to © 1. =~ m™. Intensive transport on these roads causes rapid destruction
of the road surface, which In turn contributes to the development of permanent gullies. Roads
with a gradient exceeding 0.14 m m™ typically have less traffic. An analysis of the impact of
topographic height differences within polygons of 10 km? on the occurrence of sunken lanes in
an area of 12,000 km? (i.e. 1200 polygons) of SE Poland was made by Kotodyfska-Gawrysiak et
al. (2011). The results indicated that these forms sporadically develop at relative topographic
height differences of less than 20 m. Occurrence of height differences in the range of 20-40 m

causes a slight increase in the average density of sunken lanes to 0.02 km km™. The average



density further increases significantly with relative heights in the range of 40-60 m to 0.1 km km’
2 It further increases to 0.18 km km™ when the height differences reaches 60-80 m, and the
highest values (0.25 km km™) are reached when the height differences exceed 80 m.

Calculations made on the basis of precise LIDAR data for 24 representative sunken lanes located
in the loess areas of Lublin region indicated a mean slope of the lane surface of 0.07 m m™
(range 0.02-0.135 m m™). The average catchment area (upstream of the SL initiation point) was
2.2 ha (range 0.2 to 9.0 ha), while the average slope of the catchment area was 16.7%.

(Gawrysiak, unpublished data).

6.3. Land use

Land use type plays an important role, as sunke. 1ar.es mostly occur in farmland and less in
pastureland or woodland. Important for thz «r r7.pid development is the frequency of traffic, which
is influenced by the organization and s.7e of the cropland parcels and pastures. Traffic on the
rural roads is also related to the »+ea <crved by the road and economic activities (Nowocien,
1996). The best land use condiu. "ns 1or the development of a network of sunken lanes are found
in regions with important ~o.™ nunication routes and access roads between villages located in
valleys and arable fields "nd pastures located at higher elevations (Zgtobicki, 1998a; Gardziel,
Rodzik, 1998, 2000, 2001; Dotterweich et al., 2012; Superson et al., 2014).

The lack of vegetation in the sunken lane bottom, contributes to an accelerated deepening of the
road surface as well as to rill and gully erosion following abandonment. Topsoil degradation (i.e.
by compaction and erosion) caused by animal trampling and vehicle driving, hinders the growth
of herbs, shrubs or trees on the lane surface and strongly contributes to its deepening. In contrast,

the development of a grass, shrub and tree cover in the sunken lane bottom and banks contributes



to the conservation of its cross-sectional and longitudinal profiles and the identification of
ancient sunken roads (Denecke, 1969). Similar to the other factors, no detailed spatial analyses
were conducted to explore the relation between the occurrence of sunken lanes and land use type.
The spatial pattern of sunken lanes in relation to land use in the Lublin region (Poland) shows
that 77% of these forms developed within arable land. The land use mosaic (many small
elongated plots), characteristic for E Poland, favours the development of a dense rural road
network, which facilitates the formation of sunken lanes (Zgtobick. .nd Baran-Zglobicka 2012).

In Germany most sunken lanes developed in connection with ~iscz:cal road systems of regional
or trans-regional character. This also applies to other regiu.s e.g. Westerdahl (2007); Volkmann
(2017); De Gruchy and Cunliffe (2020); Iriarte et al. /.27.0); Stone (2020); Verschoof-van der
Vaart and Landauer (2021). Mapping sunken lari~, i¢ a common method for the detection and
reconstruction of ancient road systems (E chborn, 1965). Furthermore, sunken lanes functioned
as access routes to particular sites such s castles, deserted settlements, historic ferry terminals,
charcoal kiln sites or glass and iror~o1 -<. In Slovakia a relatively high density of sunken lanes is
also found in regions with viney “rds where they are linked with a dense network of access roads

(Bu¢ko, 1963; Luknig, 1977).

7. Processes shaping sunken lanes

Because of the large range in slope gradients, microclimate and vegetation (cover and type)
within sunken lanes, sunken lanes are also affected by several soil erosion processes: i.e. various
water erosion processes (i.e. splash, sheet, rill, gully erosion, piping, tunneling) as well as mass
movement processes (i.e. creep, soil fall, soil topples and shallow landsliding), soil transport by

tree uprooting and digging animals on the steep sunken lane banks and anthropogenic erosion



processes (detachment by animal and human trampling and vehicle traffic, soil digging and lane
reshaping) (Denecke 1969; Lach, 1983; Poesen 1989, 1993; Kotodynska-Gawrysiak, et al. 2011,
Boardman 2013; Figure 8).

In a first stage, as a result of the mechanical impact of trampling (by humans and animals) and
vehicle wheels, the vegetation is destroyed, the topsoil is compacted and small linear
depressions, paths or furrows, are formed. These processes have been described in the
development sunken lanes in hollow roads in Hungary (Veress et ', 2012), and in the vehicle
wheel tracks leading to gully formation in the Karoo, Sout:: ~frica (Boardman, 2014b). The
topsoil compaction hampers vegetation growth and biome:s production, both above and below
ground. As vegetation cover decreases and root deveicment is severely limited, these bare
tracks (with reduced root cohesion) have a very I v e osion resistance. Despite their compacted
topsoil bare loamy topsoils become very vu'nerable to various erosion processes due to soil
detachment by trampling, vehicle traffic ~nd during rainfall by slaking effects when initially dry
(Le Bissonnais, 2016). The bare *~o<ni of these depressions is also characterized by a low
infiltration rate and permeabii.*v, and therefore during rainfall significant overland flow is
produced. Simulated rainf=!l cvperiments (with an intensity of ca. 105 mm h™ and lasting 45
min) revealed event runc *f coefficients of 80 % on unpaved roads, compared to only 0-20 % for
agricultural fields (Ziegler et al. 2000). Because of their microtopography, the compacted area
(with a low infiltration capacity) will concentrate runoff generated on the nearby areas. During
rainfall the concentrated runoff exerts a large flow shear stress on this soil surface (having a low
erosion resistance) resulting in soil detachment and transport, rill and ultimately gully erosion
(Figs. 9 and 10). Soil detachment by trampling and vehicle passages (i.e. soil material being

detached by vehicle wheels) prepares for the rapid evacuation of sediments during overland flow



events and leads to a gradual lowering of the footpath, cattle track or road surface. Deepening of
the rill channels progresses gradually and often the rills expand laterally, as passing wheeled
vehicles break their edges. The development process of sunken lanes can be a gradual process
but according to Stevens (1997) several documents report that during and immediately after a
heavy rainfall event sunken lanes were washed out by several decimetres up to 1m. Thus,
individual high-magnitude rainfall events may play an important role as well. Another process
that operates simultaneously, is the collapsing of the sub-vertical siues of the sunken lane (mass
movements) and this is called bank erosion. When the road s.t.22 deepens, the side slopes are
undercut and destabilised after which they evolve by i.:ass movement processes to a new
equilibrium (Figure 8E). Piping erosion processes on the . «nken lane banks is also common. Soil
removal by tree fall and animal burrowing (by <. rcdents, rabbits, badgers) contributes to the
further retreat of the sunken lane banks. If the erosion rate on the sunken lane bottom and banks
is very high, also trees and shrubs grow.ng in the sunken lane may be eroded as well (Stevens,
1997). Sunken lane surface lowering ", large concentrated flow erosion events can be very
intense (see table 5) compared .~ erusion rates in the surrounding areas. Deeply incised sunken
lanes induce strong hydr>tnc gradients in their banks which may trigger soil piping and
tunneling as well as varic''s mass movement processes.

Piping erosion results from soil detachment and entrainment by subsurface (concentrated)
flowing water often in macropores of various origin (i.e. soil cracks, biopores). This leads to the
formation of linear voids which then may result in the collapse of the pipe roof and the formation
of bank gullies in the sunken lane (Poesen, 1989, 2018). The probability of piping is very large

in sunken lane banks that cut into thick loess covers. Particularly outcrops of undifferentiated



(calcareous) loess (parent material) in sunken lane banks are very susceptible to piping and soil

collapse (Nadal-Romero et al., 2011).

Figure 8. Common soil degraaction processes in sunken lanes formed in loess. A — wheel
compaction and soil deta~in.enc during traffic, B — rill erosion on the lane bottom, C — tree fall
on the bank, D — piping a."d pipe roof collapse on a lane bank resulting in a bank gully, E — soil
slumping on sunken lane bank (Lublin Upland, Sandomierz Upland, E Poland). (Photo: W.

Zgtobicki, J. Rodzik).

Another process of sunken lane formation results from direct digging of the sunken lane by
humans, for instance in the case of quarries where access routes have been dug. Recently, sunken

lanes are mostly broadened by heavy machinery, scraping the sunken lane banks to allow large



transport vehicles to pass (Stevens, 1997). This leads to significant erosion of the banks and

levelling of the lane bottom.

The vast majority of sunken lanes originated in footpaths, cattle tracks or unpaved rural roads

used by vehicles and then developed into sunken lanes as described above. However, some

authors report that in a limited number of cases, the formation of gullies preceded the

development of the sunken lane (e.g. Stevens 1987, 1997; Hassen and Bantider, 2020). In the

latter case, once a gully channel formed it was subsequently usea .= an access road by humans

and cattle (Poesen, field observations in East Africa).

Figure 9. Gully erosion on tha .nttom of a sunken lane (A, B) and sediment deposition at the

outlet (C) (Naleczéw Plat~ac L Poland, loess) (Photo: J. Rodzik).

Table 5. Reported current (mean, range, maximum) erosion rates in bare, unpaved sunken lanes.

Rate of incision

. mean*, range**, Period
Country / Region maximum*** (years) Source
(cm year'l)
1-2%* 500
Belgium / Limburg Ong wet year Based on field data and historical sources
50*** with rapid Allemeersch, 1987a, b
snowmelt
Ethiopia / Gelawdiwos 3.3-5.0** 30 Poesen, unpubl. data
Hungary / Kdsze Rainfall event
I\%Ioa/ntains g 70*** (100 mm) Veress et al., 2013
Poland / Carpathian 0.08 — 4.13** 4 years Watdykowski and Krzemien, 2013




Mountains

Poland /Lublin Upland 1.5 Present-day Mazur, 2008

Nowocien, 1996;

1 * *%
Poland /Lublin Upland 4.5* (3-9) < 50 years Nowocien and Podolski, 2008
Poland Lublin Upland 2.5-4.0** < 50 years Rodzik et al., 2015
E Romania 1.6** 100 lonita, 2006
Tanzania /Rondo Plateau ca. 100*** One rainy season Poesen, unpubl. data

Table 5 lists reported erosion rates in sunken lanes. Typical medium to long-term average
incision rates within bare, unpaved sunken lanes are 1 to 5 cm year™ (or 100 — 500 m?3 ha™ year
1). These erosion rates are 10 to 50 times those reported for sheet and' rill erosion (Maetens et al.,
2012) as well as for ephemeral gully erosion in Europear. ~rugsiands (Poesen et al., 2003).
According to Zgtobicki (2002) sunken lane incision rates . e 5 to 20 times higher than the total
denudation rates (2.4-7.0 mm year™) on nearby agric'.ral slopes of E Poland. Occasionally
much larger rates (i.e. 50 — 100 cm year™) may o~ ur due to concentrated flow erosion resulting
in the formation of gully channels withir. the sunken lane during extreme climatic events (i.e.
heavy rainfall, very wet periods, rapid si.~wmelt). The formation of potholes with a depth of up
to 3 meters has been reported in =~ L~*com of a sunken lane located within loess region of E
Poland (Janicki et al., 2002; Fig.re Y). In the long term, the formation of sunken lanes results in
significant regional soil Irzoes —nd sediment production. Verstraeten et al. (2009) calculated for
two study areas (9 km2 e>ch) in central Belgium, having sunken lane densities of 0.75-0.91 km
km, the total soil volume removed in the sunken lanes and obtained a value of ca. 260 m3 ha™.
Zgtobicki (1998a) found for a catchment of 11 km? in East Poland that the total volume of soil
lost by the formation of sunken lanes was ca. 60 m* ha™.

The formation of sunken lanes, as in the case of permanent gullies, can therefore be treated as a
human induced hazard for agriculture (lonita et al., 2015b). Erosion process interactions and

conditions controlling the activity or stability of sunken lane banks deserve more research



attention so as to improve predictions of the hydrological and soil erosion response of areas with
sunken lanes. Sunken lanes may become erosion hotspots and offer thereby unique field
laboratories to study the intensity of these processes, their controlling factors as well as suitable

erosion control techniques (e.g. Poesen, 1989).

8. Impact and functions of sunken lanes in the landscape

8.1. Ecology/biodiversity

Sunken lanes are important landscape features for ecology -nu Liodiversity. They provide a
varied abiotic and biotic environment on small spatial u~its due to gradients in topography,
erosion processes, lithology, soil types, soil moisture, te.perature, light availability, insolation
and air humidity (Herault et al. 2003; Deckers ~t ~.., 2005; Stevens, 1997; Poschlod and Braun-
Reichert, 2017; Mor-Mussery and Laronr -. 27,20). Sunken lane development can promote more
stable habitats on the one hand, or ei.~ourage disturbance on the other, with consequently
differing assemblages of roadside *'ar. =nd fauna (Martin, 2003). In addition, sunken lanes are
excellent wind shelters (RLD, z04). Especially in monotonous, dynamic agricultural landscapes
they are valuable landscar= [~utures acting as a refuge for animals and plants. As a result,
particularly old/overgro.m sunken lanes are important habitats for biota that can serve as
biodiversity hotspots in agricultural landscapes that may otherwise support little biodiversity
(e.g. Bollen, 2002; Deckers et al., 2005; Pachinger, 2008). They are therefore of crucial
importance for nature conservation (Poschlod and Braun-Reichert, 2017; Tukiainen et al, 2019;
Heneberg and Bogusch, 2020).

This is especially the case in regions with intensive agriculture (for example the loess belt), that

have few nature reserves in between urban areas (RLD, 2004). Furthermore, sunken lanes are an



important linear element in the landscape and serve as “infrastructure” for plants and animals.
Because of intense urbanisation of Belgium, natural habitats have been lost and sunken lanes
function as safe ways connecting distant natural habitats. Well-developed and managed sunken
lanes in Belgium can be considered as small-scale forest fragments since the growth conditions
are usually suitable for forest species (Deckers et al., 2005; Stevens, 1997). The partial
destruction and disappearance (by land levelling) of sunken lanes can lead to the formation of
small islands in the remaining sunken lane sections and the reductic.> of species (Stevens, 1997).
Martens (2013) analysed which factors have the largest influcce on vegetation growth in
Belgian sunken lanes. Land use of the neighbouring areas >nd soil fertility appeared to have the
least impact. The most influential factors are light, conu ~led by the bank orientation (Stevens
1997; Deckers et al. 2005), the age of the surk>1 June and the degree of disturbance of the
“natural” environment in the sunken lane. Che highest species diversity was found at sites with a
lot of light that are also warm and dry (i*artens, 2013). A detailed inventory of plant and animal
species observed in East and Centrl L'e'gian sunken lanes is provided by Herault et al. (2003)
and Stevens (1987, 1997). Thc roie of sunken lanes for biodiversity in Germany is partly
discussed by Dannapfel /2007, and Ambos and Kandler (1999). Sunken lanes, especially
overgrown ones, can be .aluable habitats for thermophilic and drought-loving plants species and

different types of mammals, like rabbits, foxes, birds and insects.

8.2. Microclimate
The varied abiotic environment results in a buffered, temperate microclimate inside the sunken
lane. Hillslope sections having a different exposure to the sun will control insolation as well air

movement and hence microclimate (Geiger, 1950). The orientation of the sunken lane in the



landscape, the vegetation type (resulting in a protective canopy cover) and the depth of incision
therefore play a crucial role in the amount of insolation on the sunken lane slopes ( Allemeersch,
1987c, Deckers et al., 2005; Stevens, 1997; Lenoir et al., 2017). Solar insolation on the banks is
largest when vegetation cover is negligible (i.e. no herbs, shrubs or trees growing) and when the
sunken lane is east — west oriented. This orientation causes the sun to directly shine on the south-
facing bank leaving the northern bank with almost no sunlight (Allemeersch, 1987c; Stevens,
1997). So far, only one study reported on the microclimatic characistics of sunken lanes based
on measurement data from one day (Allemeersch, 1987c) Thcze unique data on hourly air
temperature above (40 cm height) and at the soil surface 2s well as soil temperature (at 3 cm
depth) and air humidity for north- and south-facing gras:-covered sunken lane banks and for a
sunken lane completely vegetated with trees nicely «(li strate these large microclimatic variations.
All measurements were done in East T-elo.um (South Limburg) on a cloud-free day (21
September 1987). At noon both soil ai.1 air temperatures could differ by ca. 20°C between
north- and south-facing banks. M~rec\.r, on the south-facing slope soil and air temperature
differences during the day are ..'so 1auch higher (up to 20 and 30°C respectively) compared to
north-facing banks. All ok~ai-~J temperatures in the forested sunken lane are generally lower
and very similar to the 1.ortn bank of the non-forested sunken lane. The air humidity at the start
of the day is everywhere almost 100%, but during the day this lowers to 30% for the south-facing
slopes (Allemeersch, 1987c). These microclimatic data come from two particular sunken lanes in
the same region that were collected during one particular day, they cannot directly be
generalized. They illustrate however the very large systematic spatial variations in air and soil
temperature as well as in air humidity within sunken lanes. Such significant differences in

microclimatic conditions strongly affect the abiotic and biotic components of the sunken lanes.



Also anthropogenic impacts may cause microclimatic changes and hence floral and a faunal
diversity in sunken lanes. Examples of such impacts are land use and management of the sunken
lane (e.g. grazing or wood extraction, reshaping of the sunken lane banks) or of the nearby
cropland (e.g. application of manure and chemicals that affect nutrient and biocide influx from

adjacent fields; Kleyer 1991).

8.3. Drainage of hillslopes

Sunken lanes contribute to an enhanced drainage of the =~a>y, hillslopes. Several studies
indicated that gully channel formation may lead to a \>nid drainage of surrounding areas,
resulting in a lowering of water tables, a decrease in ba.~itow as well as the desiccation of the
intergully zones (Poesen et al., 2003). In dry c'it.» «tic environments, this then reduces biomass
production, particularly in the vicinity of t' e gully banks (Frankl et al., 2016; Poesen, 2018).
Sunken lanes cutting down to the grou..1water table in landslide-sensitive zones may act as a
drainage channel evacuating exfiltr~tin x *vater from springs and hence contributing to a decrease
of the landslide susceptibility " the hillslope by reducing positive pore water pressures in the
soils and hence increasine ‘ts ~kear strength. Filling up such sunken lanes reduces the hillslope
drainage and may lead 1. a re-activation of landslides as observed in central Belgium (Van Den

Eeckhaut et al., 2007).

8.4. Hydrological and geomorphological connectivity
Linear landscape elements such as rural roads are now well known to have an effect on
catchment hydrology, erosion and water quality (e.g. Slupik 1984; Gascuel-Odoux et al., 2011).

Sunken lanes, like most roads in rural areas, typically connect runoff and sediment-producing



areas with downstream areas, water courses, and settlements. Thereby, they enhance the effective
drainage density and sediment flux (e.g. Farres et al., 1993; Froehlich and Walling, 1997;
Verstraeten and Poesen, 1999; Steegen et al. 2001; Boardman, 2013, 2014b; Figure 10).
Consequently, the negative off-site effects of runoff such as muddy floods, flood damage to
roads, sediment deposition, sedimentation in and pollution of water bodies increase with the
presence of sunken lanes (Verstraeten and Poesen ,1999; Boardman, 2013; de Walque et al.,
2017). The runoff with transported sediments may have different cvigins. First of all, unpaved,
bare sunken lanes can be a source of runoff and sedime=*s emselves (Boardman, 2013;
Froehlich and Walling, 1997). A sunken lane that is stin incising or extending in an upslope
direction generates large volumes of sediments by ru.-entrated flow erosion (see reported
erosion rates in table 5). Next, banks of surk.'( lines that are insufficiently protected by
vegetation often suffer from intense soil 2rocion by piping, bank gullying or mass movement
processes (Poesen, 2018). The absence .f a good vegetation cover often results from reshaping
of the banks by farmers to widen th~ scn'ien lane so as to better access nearby agricultural plots,
or from poor bank managemer.. Fucthermore, runoff from nearby areas can reach the sunken
lane by surface wash, seer~ae, niping, field drains or via disturbances of the sunken lane where
the adjacent cropland ca.” be accessed (Boardman, 2013). When runoff and sediments reach the
sunken lane, it is guided by the banks and inevitably flows along the sunken lane since there are
no other drainage options.

It should be noted that land use changes such as a decreasing intensity of agricultural activities
in some regions may result in a decrease of the density of unpaved roads and as a result a
decrease in the number of potential hydrological and sediment transfer routes from slopes to

river channels (Latocha, 2014). This also applies to abandoned sunken lanes.
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Figure 10. lllustration of the role of sunken lanes in increc<ing the runoff and sediment
connectivity in a landscape. Outlet of a sunken lane wit conentrated flow transporting large
amounts of coarse sediments that are deposited at the o.tle¢ of the sunken lane, typically where
the slope gradient drops below 0.04 m m™ (L mourg, The Netherlands, 06.1987) (Photo J.

Poesen)

Colluvial/alluvial fans may be formeu 1t 1he outlet of sunken lanes (Figs. 8c and 9; Rodzik et al.,
2014; Latocha, 2014; Supersor et a!., 2014). Sediment transport intensity within sunken lanes,
and sediment accumulation «! th2ir outlet may be high, but their geomorphological significance
in the landscape also acven.us on their density. Few studies on this aspect for regions with high
sunken lane densities have been made. Research along this line was conducted in the Carpathian
Mountains (S Poland), where it was observed that unpaved field and forest roads (not all of them
were sunken lanes) are important sources of sediment for fluvial transport (Kroczak 2010,
Waldykowski and Krzemien, 2013; Kroczak et al., 2016). According to Froehlich and Walling
(1997) sunken lanes represent the main suspended sediment source due to the fact that most
sediments eroded in the bottom of the roads are directly transferred to the stream channels.

Froehlich (1982) estimated that unmetalled roads account for ca. 60-70 % of the load in the



Homerka river channel. During storm events not generating overland flow in most of the
catchment, unmetalled roads account for ca. 98% of the sediment input to the stream.

The rapid development of sunken lanes during the Anthropocene has significantly enhanced
sediment transfer by connecting upper hillslopes in the catchments with valley floor margins.
According to Ziegler et al. (2000) sediment production on roads is eight times higher comparing
to agricultural lands. This indicates that sunken lanes and unpaved rural roads may significantly
contribute to colluvial and alluvial aggradation in many landsccnes by strongly increasing
hillslope — valley bottom — floodplain connectivity and hence z'su ¢ the change of valley bottom

and floodplain geoecology (Houben et al., 2012; Broothaeir .~ et al., 2014).

8.5. Cultural heritage

Sunken lanes belong to the long-standing "eri‘age of a region (Verdurmen, 2018). This refers to
both surface (i.e. visible today: e.g. mcorohology, fauna, flora, scenic beauty) and embedded
values (i.e. those related to practice: fror. the past and that cannot be directly observed today) of
sunken lanes. Apart from being geusites (geomorphosites) — elements of geoheritage, sunken
lanes testify to important “n.>~:1-environment interactions in prehistorical and historical times
(cultural heritage). Thes: lanes provide information on past human movement and historical
route networks on both an inter-site and inter-regional level (Wilkinson, 2010) as routes both
reflect and influence (large-scale) cultural and landscape processes, and play a crucial role in the
exchange of resources, knowledge, and ideas (e.g. Verschoof-van der Vaart and Landauer,
2021). Sunken lanes were also strategic landforms during military conflicts in e.g. Belgium e.g.
Ramillies in 1706, Waterloo in 1815, France e.g. Beaumont Hamel in 1916 or during the Civil

War in North America e.g. Antietam and Shiloh in 1862 (Ehlen and Whisonant, 2008;



Hippensteel, 2019). Sunken lanes were recognized as nearly ideal defense positions but
sometimes they may become a “Bloody Lane” as happened during the battle of Antietam
(Hippensteel, 2019). Such landscape features had to be considered for the tactical employment of
arms (Donaldson, 1904).

Sunken lanes, together with hedgerows and terraces, are the remnants of past agricultural
landscapes in all European countries (Baran-Zgtobicka and Zglobicki, 2012, Zgtobicki and
Baran-Zglobicka, 2012; Latocha, 2014; Poschlod and Braun-ixcichert, 2017). Taking into
account their natural and cultural assets it is important to prei~.. cunken lanes with the highest
natural heritage values. For example in Poland some sc:nken lanes are protected as nature

monuments.

9. Management of sunken lanes

Erosion in sunken lanes has various efic~ts. It is responsible for the deepening and widening of
the sunken lane that provides vario''s f.'n tions and services (see above). An ideal sunken lane is
in dynamic equilibrium with erc:ion processes (Mazur et al., 2015; RLD, 2004; Stevens, 1997).
Such sunken lane can still 27022 and as long as most runoff originates from its own short banks,
there is hardly any probicm. Intense erosion within the sunken lane threatens various functions of
the sunken lane and hence its existence (Mazur et al., 2015; Stevens, 1997). When banks
collapse or road surfaces get eroded too fast (e.g. by gully development), vehicle passage
becomes difficult or even impossible and the sunken lane loses its traffic function. Therefore, it
is important to control the type and intensity of erosion processes within sunken lanes (Stevens,

1997). The occurrence of piping or landsliding on its banks often point to significant runoff



volumes crossing the sunken lane bank shoulder. These processes then cause significant soil
losses, ecological and economical damage (Mazur et al., 2015; RLD, 2004).

In many regions, the erosion rate of the road surface has been reduced by paving the road (with
cobble stones, concrete or asphalt) (Figure 11), but this has often caused excessive erosion at the
road sides. Unpaved and often vegetated sunken lanes allow for a reduction of runoff velocity
and higher infiltration rates which help to reduce the incidence of muddy floods. Moreover, the
dynamic equilibrium of the sunken lane is completely disturbeu v paving the road surface
(RLD, 2004; Stevens, 1997). What should be done is adrir~s.ing the origin of the erosion
problems which are mostly located within the catchme: t draining towards the sunken lane
(Mazur, 2007; Stevens, 1997). Erosion also occurs during *iie widening of the sunken lanes when
these become too narrow for modern agriculture' veaicles. Very steep and even vertical bare
walls of sunken lanes are very sensitive tc ma+.s movement processes (RLH and Proclam, 2009).
A very common erosion problem in su.%en lanes is the development of bank gullies (Poesen,
1989; Poesen et al., 1996). These ~ve mrstly initiated when the neighbouring land is cultivated
too close to the sunken lanes oi 'anausliding occurs on the banks. Hortonian runoff and possibly
also saturated runoff will *he,. fiow through and over the banks causing piping and ultimately
bank gully erosion. Thes. gullies can rapidly evolve by regressive erosion and then result in deep
incisions of the bank shoulder, producing large sediment volumes (Poesen, 1989, 2018; Poesen
et al. 2016; RLD, 2004; Stevens, 1997). The solution is to prevent or reduce runoff from
neighbouring land to flow through or over the banks into the sunken lanes (Mazur, 2007). This
can be achieved by either a land use change or the application of soil and water conservation
techniques within the gully catchment and in the zones adjacent to the sunken lane. One effective

way to prevent bank gullying, is the application of biological control measures on the bank



shoulder and banks (Stokes et al. 2014). The shoulder of a sunken lane is the (vegetated) strip
(several meters wide) between the upper part of the sunken lane bank and the nearby cropland or
built-up area (Maetens et al., 2012 a, b). The bank shoulder, should be put under permanent
grassland to increase rain infiltration, reduce runoff volumes, increase surface roughness and
erosion resistance through root cohesion (Poesen, 1989; RLD, 2004; Stevens, 1997). The rooted
soil layer below a good grass cover strongly reduces its susceptibility to concentrated flow
erosion (De Baets et al., 2006) as well as to piping erosion (Bernctek-Jakiel et al., 2017). The
sunken lane banks should be reinforced by suitable deep-rortiny ziant species to increase their
shear strength and hence its susceptibility to landsliding. he vegetated shoulder and bank then
function as a buffer between the cropland area and the su.’~en lane and is crucial for the stability
of the banks. Every sunken lane should have hc*' sioulders properly managed (RLD, 2004).
This means vegetated by grasses and/or smull shrubs and preferably equipped with a ditch
(furrow) to evacuate the water parallel .o the sunken lane. In this way the shoulder will protect
the sunken lanes from runoff flow+ng =_ross the sunken lane bank as well as from inputs of
sediments, nutrients and pestic..'es. Moreover, this vegetated shoulder has also advantages for
biodiversity and safety sinc~ u.~ e is a lowered probability for sliding of the bank material (RLD,
2004; Stevens, 1997). W.en bank gully erosion is intense, the sunken lane bank can be protected

by installing a geomembrane (Poesen, 1989).



Figure 11. Different methods of paving bottoms of sunken lanes. .\ - openwork concrete slabs
(Nateczow Plateau, E Poland, loess), B — asphalt (Roztocze P~a.>v, E Poland, loess). (Photo: J.

Rodzik).

In several countries (e.g. Belgium, The Netherlai ©'s, Czech Republic) some sunken lanes have
been converted to temporary water retent'on ponds by the construction of small dams (with a
spillway) across the sunken lane (Figure 12; Zlatuska, 2012). Most of such temporary ponds aim
at reducing peak runoff rates towarrs v 2112y bottoms, thereby reducing the flash flooding hazard.
In Belgium, several regional c.ani.ations produced detailed manuals providing guidelines on
how to manage sunken lares n order to conserve these multifunctional geomorphosites and to
use them in a sustainabi. manner (e.g. RLD 2004; RLH 2009). Criteria to value both surface and
embedded values of sunken lanes as long-standing heritage elements in landscapes as a basis to

protect them are discussed by Verdurmen (2018).



Figure 12. Sunken lane converted into a temporary flood retent.~n rond by installing a concrete

dam and a pipe to allow for bypass flow (Sluizen, Belgium. 202<) (Photo: J. Poesen).

In many regions with intensive agriculture, sunker Ianes are under natural and anthropogenic
threats. Natural threats comprise excessive wa. 2r ¢-osion at the lane bottom and mass movement
processes on the banks. These often recult fron particular land use practices in the catchment of
the sunken lane or near its bank shcuideis. These geomorphic processes may be the result of
natural processes (e.g. extremc: rcinfall or disappearance of particular vegetation types by
disease) or mismanagement ~f tiie sunken lane (e.g. overexploitation of shrubs and trees on its
banks may lead to rou Jec~y and hence a lowering of the shear resistance of the banks resulting
in bank failure).

Anthropogenic threats result from improper management. Since most old sunken lanes are not
adapted to the passage of heavy agricultural machinery, they are often artificially widened,
resulting in less stable banks. In various countries (e.g. Poland, Belgium, Germany and UK) the
sunken lane bottom is often hardened to prevent further erosion of the road surface and
sometimes the slope gradients of the banks are reduced as well to prevent landslides. In some

cases, these road works significantly reduced the landscape values of sunken lanes but improved



the transport function. In the Lublin Upland, at the beginning of the 21* century, such activities
affected ca. 200 sunken lanes (Kotodynska-Gawrysiak et al., 2011). If there were plans to harden
sunken lanes that have high aesthetic values, these cause protests from tourists with variable
outcomes. In Poland, a significant problem leading to the degradation of the values of sunken
lanes is also their use for intensive traffic of off-road vehicles. They destroy the bottom and
slopes of these forms.

Other reported threats to the various functions of sunken lanes in Be'aium include digging in the
banks (for extracting loess, sand or rock fragments for constri’z*iv.> purposes) affecting the cross-
sectional shape of the sunken lane, dumping waste, ovei>xploitation of the vegetation on the
banks by clear cutting (for e.g. wood extraction), overuse ~r pesticides and fertilizers on adjacent
cropland which negatively affects the biodiversi®. v.ithin the sunken lane (Stevens 1987) or
mismanagement of the sunken lane banks nd houlders (RLD 2004).

Ambos and Kandler (1999) reported 1cv Rheinhessen, i.e. the most important German wine
growing region, that sunken patht a~ increasingly disappearing from the landscape due to
agricultural intensification or by ‘nfining with waste, rubble or soil materials.

Sunken lanes can also dis~noc~" when they are completely filled in to enlarge farmers' plots as
part of land consolida.'on programs or to prepare terrain (bulldozing) for irrigation or
constructing buildings and roads following urban sprawl (e.g. De Gruchy and Cunliffe 2020).
Large sunken lanes are rather difficult to fill, whereas shallow road incisions have often
disappeared by infilling. In some regions, the disappearance of sunken lanes can be extreme.
Allemeersch (1987b) reported for four villages in East Belgium that between 26 % and 60 % of

the sunken lanes shown on topographic maps of 1950 had completely disappeared in 1987.



After intense erosion of the sunken lane bottom, a new road may be formed near and parallel to it
whereas the former road gully may become a large permanent gully after several decades. To
maintain the characteristics of a road gully, it is necessary to use it as a road and to remove
excessive deposited sediments on its bottom.

Sunken lanes are inherently unstable landforms and therefore their best conservation seems to be
their use as a road with moderate traffic. In order to conserve its cross section, it appears to be
effective to partially protect the road with openwork concrete sichs, and in the case of old,
several-hundred-year-old forms with a smooth longitudinal z:::!z, to harden the road surface
and to install drainage gutters on the sides.

Significant runoff volumes flowing through sunken lai.=s and causing intense erosion in the
sunken lane bottom supply water and sedimen. 0 valley bottoms, and often cause off-site
problems (e.g. muddy floods). On the otF r band, these geomorphic features increase geo- and
biodiversity in agricultural areas, and h.:’e aesthetic and tourist values. Therefore, these forms
need protection, and in the case cf stnlen lanes of outstanding value and size, activities that

could lead to changes in their ap, earance (for example, paving the bottom) should be limited.

10. Tourism and geotou-ism in sunken lanes

Sunken lanes have a large touristic potential because of their many values and functions: i.e.
scenic beauty (reflected among others in paintings), recreational (hiking, biking), scientific
(biodiversity, geomorphology), educational and geoheritage. As such they allow for several types
of tourism: sports, leisure, ecotourism, geotourism (Figure 13). As to the latter type of tourism,
sunken lanes offer geological windows, active geomorphological processes (i.e. various types of

water erosion processes, mass movements, animal burrowing activity, windthrow erosion,



anthropogenic erosion processes) and could be used as suitable sites to illustrate human-
environment interactions in the past and today (Papc¢o, 2014; Zgtobicki et al., 2019). The number
of studies on tourist and geotouristic values of sunken lanes is limited to some parts of Poland.
Numerous sunken lanes are included in the Central Register of Polish geosites. In Slovakia only
two such forms were recorded in the Database of the State Geological Institute of Dionyz Stir,
Bratislava (entitled “Important Geological Sites” (Lisc¢ak et al., 2012), which is an open map and

information set of sites of geological heritage in Slovakia).

Figure 13. Sunken lanes in Poinu that are used for recreation (e.g. biking (A), hiking (B) and

education (C). (Photo: G. Gaj. 'k (A, C), W. Zglobicki (B)).

In Poland, the most famous sunken lane site for tourists are the Root Gully (Kazimierz Dolny, E
Poland) and the Queen Jadwiga Gully (Sandomierz, central Poland), which are "must see"
attractions. In the summer months, up to 150 people per hour walk them. In Poland, tourist,
hiking and cycling trails, sometimes of supra-regional range, are marked in the sunken lanes.
There are also educational paths within them. Sunken lanes are often characterized by high

geotouristic and geo-educational values (Zgtobicki, Baran-Zgtobicka, 2013; Zglobicki et al.,



2015). For example The Root Gully (Korzeniowy Do6t) was the highest rated geo-Site among the
57 sites that were part of the loess geoheritage within the planned Matopolski Przetom Wisty
Geopark (Warowna et al., 2016). Therefore, sunken lanes are important geosites to disseminate
knowledge about geology (rock outcrops in their banks), geomorphology (past and present-day
processes and their rates) and human-environment relations (Zgtobicki et al., 2019).

However, even in Poland, the intensity of touristic use of sunken lanes is still rather limited. In
the Nalgczow Plateau (E Poland), touristic planning is based on . 'rist routes running through
selected sunken lanes and educational paths, presenting vario':z n.tural and cultural values of the
region. There are no thematic tourist products using the pc*ential of sunken lanes. Sunken lanes
located within or near cities or densely populated region. are very popular places for hiking. If,
for safety reasons (e.g. fallen trees), access to tl.~m is temporarily prohibited (Figure 12b), it
causes dissatisfaction among residents anc rou’ ists.

While in Poland sunken lanes are undoubtedly attractions described in tourist guides and
scientific publications related to *~ur.sra and geotourism, in other countries the situation is
different. The Romanian sunk.>n lanes receive only small attention. Moreover, even for the
spectacular gullies in the *n,J~vian Plateau people are not aware of their beauty and touristic
value. In Russia sunken !anes are typical landscape elements of old park areas, typically located
on valley slopes near rivers in the central part of old cities. Several towns in central Belgium
advertise hiking trails and biking routes through sunken lanes, by providing detailed maps and
booklets, thereby mainly underlining their biodiversity. In some cases geo-biking and geo-hiking
routes pass through sunken lanes that allow geotourists to observe particular rock outcrops in the
banks. In Germany, sunken lanes have partly a regional significance for tourism under the

keyword “historical cultural landscape” e.g. in wine growing regions (Ambos and Kandler,



1999). In the Rheinhessen and Kaiserstuhl regions of South West Germany there are occasional
display boards for visitors with information about sunken lanes: i.e. their genesis, significance

for ecology, and protection state.

11. Future prospects

Given their importance in many rural landscapes worldwide and the limited research conducted

so far on these geomorphological features, several aspects related o sunken lanes deserve more

research attention in the near future.

1. As sunken lanes are part of our geoheritage, more ei.rts are needed to map and to better
understand spatial patterns of geomorphic features .* various spatial scales (from local to
regional and national). LiDaR data now allew set siled geomorphological analysis of sunken
lanes, particularly in forested areas w' ere traditional topographic maps do not always allow
the production of inventories of inken lanes (e.g. Migon and Latocha 2018). Such
inventories will allow a better ''nd. r<canding of human-landscape interactions during various
periods of the Anthropocern. as sunken lanes have influenced both (large-scale) cultural and
landscape processes ~0q. 'and use changes (Latocha, 2009). Such analysis may then
supplement and ex.2and our knowledge gained from historical written and cartographic
sources (Verschoof-van der Vaart and Landauer, 2021).

2. Sunken lanes create a varied abiotic and biotic environment on small spatial units due to
strong gradients in topography, erosion processes, lithology, soil types, soil moisture, soil
and air temperature, light availability, insolation and air humidity. The magnitude and

interactions between the various processes and factors involved are not always known which



is important for a better understanding of the functioning of sunken lanes and their impacts
on abiotic and biotic processes.

3. Sunken lanes are part of the Blue-Green Infrastructure (BGI; i.e. an interconnected network
of natural and designed landscape components, including water bodies and green and open
spaces, which provide multiple functions (.g. enhancing biodiversity and connectivity,
decreasing locally global warming effects by moderating the air temperature, improving the
aesthetic and social attractiveness of the rural environment, er..2ncing recreation (tourism) (
Ghofrani et al., 2017). We therefore need to better unds:~te 2% and quantify these benefits
(ecosystem services) for future environmental m.nagement in a changing climate,
particularly for regions where there have been co. siderable nature-based recreation and
tourism resources.

4. Sunken lanes are small natural featu es ‘SNFs) that can serve as biodiversity hotspots in
agricultural landscapes that may otrcrwise support little biodiversity. More research on their
management, restoration, and *~croa’ion is required to ensure that they persist and continue
to support biodiversity in hi:hly modified landscapes (Poschlod and Braun-Reichert, 2017).
It remains a challenp~ tu: the multifunctional conservation management of sunken lanes,
like for many minoi rural roads, to reconcile all their competing functons (i.e. geotouristic,
environmental, cultural, recreational, transport and road safety) and the related management

options (Pauwels and Gulinck, 2000; Spooner, 2015).

Conclusions
This review focused on sunken lane research conducted mainly in Europe as very few research

papers about sunken lanes in other continents were found. Although few studies about these



landforms have been published in the international scientific literature, more papers on various
aspects of sunken lanes have been retrieved from the national or regional literature.

Limited data indicate that sunken lanes are very dynamic geomorphic features in rural
landscapes with mean sunken lane floor incision rates of 1 to 5 cm/year but occasionally much
larger rates (i.e. 50 — 100 cm /year) may occur during years with extreme climatic events (heavy
rainfall, very wet periods, rapid snowmelt). In addition, sunken lane banks often experience
intense erosion processes by water (piping, bank gullying), mass movement processes or soil
removal by burrowing animals or tree fall. Sunken lanes have M7 been erosion hotspots in the
Anthropocene thereby offering unique field laboratories to ~tudy the intensity of these processes,
their controlling factors as well as suitable erosion contro. *echniques.

The oldest sunken lanes have been reported in the "ir.dle East and Europe and their origin dates
back to prehistoric (Neolithic) times. Sice then many regions around the globe have seen
sunken lanes developing, particularly during periods when human population and trade
increased. Sunken lanes are part of a i >cion’s long-standing heritage, testifying to past human-
environment interactions. Maping and analyzing patterns of sunken lanes may therefore
supplement and expand ot~ ki,> vledge gained from historical written and cartographic sources.
Sunken lanes perform many important functions in landscapes around the world e.g.
(geo)heritage function, ecological function, scientific and educational function, touristic
function. Given the ecological importance of sunken lanes and the drastic reduction of
biodiversity in intensively cultivated landscapes worldwide, sunken lanes are crucial for
supporting biodiversity and maintaining biodiversity hotspots in such landscapes.

The rapid development of sunken lanes during the Anthropocene has significantly enhanced

sediment transfer in landscapes by connecting hillslopes in the catchments with valley floor



margins. Without doubt, sunken lanes contributed largely to colluvial and alluvial aggradation in
such landscapes by an increased hillslope — valley bottom — floodplain runoff and sediment
connectivity and hence also to the change of valley bottom and floodplain geoecology.
Unfortunately in several regions, sunken lanes are disappearing due to e.g. urban sprawl,
agricultural intensification or land consolidation programs.

An opportunity to conserve these valuable geomorphic features is to promote them for rural
tourism and education. Many tourists are not aware of the prese.ce of sunken lanes and their
tourist and geotourist values. In some countries (e.g. Poland, b !'yium) local authorities have
realized that they could be tourist attractions and have thcrefore started their promotion. Some
countries (e.g. Belgium) have prepared manuals for man.zing sunken lanes to reconcile all their
competing functions (i.e. geotouristic, environme~al, cultural, recreational, transport and road
safety).

Sunken lanes are attractive geomorphocites in many landscapes around the world, providing
scenic variety and beauty, a windov or. th.e geology and a reminder of past human — environment
interactions. It would be a huge loss if they completely disappear or if all potentially unstable
banks would be ‘'engineer~d *- provide a safe but purely artificial road bank. It remains a
challenge for environmcntal planners to conserve this characteristic geomorphosite for the

Anthropocene and to reconcile the various functions sunken lanes play in the landscape.

Acknowledgements
Thanks go to Prof. L. De Vos (KU Leuven) for providing background information on the role of
sunken lanes in historical battles. The authors thank the Editor and anonymous reviewers for

their valuable comments and suggestions which helped improving this paper.



References
Allemeersch, L. 1987a. Fysisch-geografische aspecten van holle wegen. In: Stevens, J. (ed.)
Holle wegen in Limburg. Report Provinciaal Natuurcentrum. Rekem, 28-40.
Allemeersch, L. 1987b. Ontstaanswijze en historiek van holle wegen. In: Stevens, J. (ed.)
Holle wegen in Limburg. Report Provinciaal Natuurcentrum. Rekem, 17-27.
Allemeersch, L.1987c. Het microklimaat in holle wegen. In: Stevens, J. (ed.) Holle wegen in
Limburg. Report Provinciaal Natuurcentrum. Rekem. 41-46.
Ambos, R. and Kandler, O. 1999. Uber Lésshohlwege urz koziie an der ostrheinhessischen
Rheinfront zwischen Mainz und Guntersblum. Frank. irter Geowissenschaftliche Arbeiten
D25, 1999, 13-23.
Asmus, W.D. 1958. Prahistorische Weg- 1'n? \*agenspuren im Bereich der Lineburger
Heide, in: Germania, Jg. 36, S. 173—174.
Baier, B., Wolff, R. (eds.) (1993): Hohlwege: Entstehung, Geschichte und Okologie der
Hohlwege im westlichen Krairhae '+ Veroff. f. Natursch. u. Landschaftspflege in Baden-
Wirttemberg 72, 416 S.
Baran-Zglobicka, B. ar? ~:lobicki W. 2012. Mosaic landscapes of SE Poland: should we
preserve them? Agroicrest Syst 85, 351-365. https://doi.org/10.1007/s10457-011-9436-x
Barton, M. E. 1987. The sunken lanes of Southern England: Engineering geological
considerations. In: Culshaw M. G., Bell F. G., Cripps J. C. & O'Hara M. (Eds). Planning and
Engineering Geology, Geological Society Engineering Geology Special Publication No. 4, pp.

411-18. https://doi.org/10.1144/GSL.ENG.1987.004.01.50



Bauer, A. W. 1993. Soil erosion in the forest areas of the eastern Taunus Mountains under
historical and modern aspects. Extent, causes, and geo-ecological consequences. Frankfurter
geowissenschaftliche Arbeiten, Serie D 14. 1-194.

Bell, M., 2020. Making One’s Way in the World: the footprints and trackways of prehistoric
people. Oxbow Books, Oxford, UK. 320p.

Bernatek-Jakiel, A., Vannoppen, W., Poesen, J. 2017. Assessment of grass root effects on soil
piping in sandy soils wusing the pinhole test. Geoincrphology 295, 563-571.
http://dx.doi.org/10.1016/j.geomorph.2017.08.027

Boardman, J., 2013. The hydrological role of “suns>n lanes” with respect to sediment
mobilization and delivery to watercourses with partic.'ar reference to West Sussex, southern
England. J. Soils Sediments 13, 1636-1644. ht.".s:/ doi.org/10.1007/s11368-013-0754-7
Boardman, J., 2014a. How old are th* gu.lies (dongas) of the Sneeuberg uplands, Eastern
Karoo, South Africa? Catena 113, 79-25. https://doi.org/10.1016/j.catena.2013.09.012
Boardman, J., 2014b. Sunken I-ne.- historical landmark or flood risk? Geography Review
April 2014: 28-30.

Boardman, J., Vandaelr K., Evans R., Foster 1.D.L. 2019. Off-site impacts of soil erosion and
runoff: Why connecu ‘ity is more important than erosion rates. Soil Use and Management.
https://doi.org/10.1111/sum.12496.

Bollen, J. 2002. Crown jewels and other mycological ornaments — 5 . Hollow roads near the
Bunderbos. Coolia 45, 4, 198-200.

Broothaerts, N., Verstraeten, G., Kasse, C., Bohncke, S., Notebaert, B., Vandenberghe, J.

2014. From natural to human-dominated floodplain geoecology — A Holocene perspective for



the Dijle catchment, Belgium. Anthropocene 8 (2014) 46-58.
http://dx.doi.org/10.1016/j.ancene.2014.12.001

Bucko, S. 1963. Erdzia pddy v dolnom povodi Véhu. Sbornik Ceskoslovenské spoleénosti
zemepisné, 68, 1, 72-76.

Bucko, S. and Mazlrova, V. 1958. Vymolova erdzia na Slovensku, in: Zachar, D. (ed.).
Vodna erozia na Slovensku. Vydavatel'stvo Slovenskej akadémie vied, 68-101. Brak DOI
Burse, K. 2017. Die Hohlwege im Raum Altenstein. Glasbaci *\nd das Lutherjahr, in: Das
Blatt: Thuringenforst; Mitarbeiterinformationen der Thiri~ac: candesforstanstalt 24, H. 3,
S.32-33.

Dannapfel, K.-H. 2007. Hochstadter L6R-Hohlwege: . ~udellhaft fir den Artenschutz und fiir
die Wiederherstellung alter Kulturzeugnisse '+ "ollichia, Verein fiir Naturforschung und
Landespflege: Pollichia-Kurier 23, 3: 47 -44.

Dannemann, S. and Herrmann, N. ~.714. Nachweis einer historischen Hohlweggallerie bei
Alfeld, Leine (Sudnieders~~he¢~r) anhand von  Vermessungsergebnissen  und
bodengeographischen Feldau nahinen. In: Hildesheimer Geographische Studien, 4, S. 1-11.
https://doi.org/10.18442/342

David, L., llyes, Z., Caros, Z., 2011. Geological and geomorphological problems caused by
transportation and industry. Cent. Eur. J. Geosci. 3, 271-286. https://doi.org/10.2478/s13533-
011-0026-2

De Baets, S., Poesen, J., Gyssels, G. and Knapen, A. 2006. Effects of grass roots on the
erodibility of topsoils during concentrated flow. Geomorphology 76, 54-67.

https://doi.org/10.1016/j.geomorph.2005.10.002



Deckers, B., De Becker, P., Honnay, O., Hermy, M., Muys, B., 2005. Sunken roads as
habitats for forest plant species in a dynamic agricultural landscape: Effects of age and
isolation. J. Biogeogr. 32, 99-109. http://www.jstor.org/stable/3566310

De Bie, M., Adriaenssens 2009. Een nieuwe speler, in: Baeté H. et al. (eds.) Miradal. Erfgoed
in Heverleebos en Meerdaalwoud. Davidsfonds, Leuven: 47-75.

De Geeter, S., Poesen, J., Vanmaercke, M., 2020. Does the topographic threshold concept
explain the initiation of sunken lanes in the Europ~an loess belt?  Catena.
https://doi.org/10.1016/j.catena.2020.104586

De Gruchy, M. and Cunliffe, E. 2020. How the Holhhow Ways Got Their Form and Kept
Them: 5000 Years of Hollow Ways at Tell al-Hawa. <. Lawrence, D., Altaweel, M., Philip,
G. (Eds). New Agendas in Remote Sensing a~d '.andscape Archaeology in the Near East.
Studies in Honour of Tony J. Wilkinsor - 12 4-143.

De Walque, B., Degré, A., Maugnard, A., Bielders, C.L., 2017. Artificial surfaces
characteristics and sediment co~nectivity explain muddy flood hazard in Wallonia. Catena
158, 89-101. https://doi.org/.1.1016/j.catena.2017.06.016

Demek, J., Hradecky, ' Kivchner, K., Pének, T., Létal, A. and Smolova, I. 2012. Recent
Landform Evolution :~ the Moravian-Silesian Carpathians (Czech Republic). In Léczy, D.,
M. Stankoviansky and Kotarba, A. (Eds.). Recent Landform Evolution. The Carpatho-Balkan-
Dinaric Region. Springer, Dordrecht, 103-139.

Denecke, D. 1969. Methodische Untersuchungen zur historisch-geographischen
Wegeforschung im Raum zwischen Solling und Harz. Ein Beitrag zur Rekonstruktion der
mittelalterlichen Kulturlandschaft. Gottinger Geographische Abhandlungen 54, Goéttingen:

Goltze.



Dokuchayev, V.V. 1936. Nashi stepi prezhde i teper' lzdaniye v pol'zu postradavshikh ot
neurozhaya. SPb., 1892. 2-edition Moskva, 1zd-vo.: Sel'khozgiz, 117 p.

Donaldson, JWE. 1904. The South of England As A Theatre of War. Royal United Services
Institution. Journal, Taylor & Francis, 48:321, 1257-1270, DOIL:
10.1080/03071840409418629

Dotterweich, M. 2008. The history of soil erosion and fluvial deposits in small catchments of
central Europe: deciphering the long-term interaction between hu.mans and the environment—
a review. Geomorphology, 101(1-2), 192-208.

Dotterweich, M., Rodzik, J., Zgtobicki, W., Schmitt, ~ Schmidtchen, G., Bork, H-R 2012.
High resolution gully erosion and sedimentation proc=sses, and land use changes since the
Bronze Age and future trajectories in the X.-imierz Dolny area (NalgczoOw Plateau, SE-
Poland). Catena 95, 50-62. https://doi.c a/1/,.1016/j.catena.2012.03.001

Dyer, C. 2006. What does landscap. history contribute to our understanding of economic
history? International Economic Hi<'o.y Conference, Session 108, Helsinki, Finland, 2006: 1-
11.

Ehlen, J., Whisonant, P ~.. 2£08. Military geology of Antietam battlefield, Maryland, USA—
geology, terrain, and casualties. Geology Today 24(1), 20-27. https://doi.org/10.1111/j.1365-
2451.2008.00647.x

Eichhorn, E. 1965. Zur Topographie der mittelalterlichen Fern- und LandstraBen zum und im
Limburger Becken. Nassauische Annalen 76, 63—152.

Farres, P., Poesen, J., Wood, S. 1993. Soil erosion landscapes. Geography Review 65, 38-41.



Faupel, F. 2017. Reconstructing early Iron Age pathways in the Upper Rhine valley.
Interdisciplinarité et nouvelles approches dans les recherches sur 1’dge du Fer, 109.
https://doi.org/10.5817/CZ.MUNI.P210-8822-2017-17

Forster, H. 2012. Sedimentbilanzierung in Mittelgebirgen: Historische Bodenerosion meso-
skaliger 399 Einzugsgebiete am Beispiel des Speyerbachs, Pfélzerwald. Diss. Universitat
Frankfurt a.M.

Frankl, A., Deckers, J., Moulaert, L., Van Damme, A., Mitik.. H., Poesen, J., Nyssen, J.
2016. Integrated solutions for combating gully erosiow u. ureas prone to soil piping:
innovations from the drylands of northern Ethiopia. L.nd Degradation & Development 27:
1797-1804. https://doi.org/10.1002/Idr.2301

Froehlich, W. 1982. Mechanizm transportu fl."wi7Inego i dostawy zwietrzelin do koryta w
gorskiej zlewni fliszowej. Prace Geogr. «G ' PZ PAN 143, 1-144,

Froehlich, W., Stupik, J., 1980. Dru2i polne jako zrodlo dostawy wody i zwietrzeliny do
koryta cieku. Zesz. Prob. Post. M~uk Pol. 225, 257-268.

Froehlich, W., Shupik, J. 15%6. Rola dréog w ksztaltowaniu splywu i erozji w karpackich
zlewniach fliszowych. P=7e2!. Geogr., 58 (1-2), 67-87.

Froehlich, W., Walln. D.E. 1997. The role of unmetalled roads as a sediment source in the
fluvial systems of the Polish Flysch Carpathians. Human Impact on Erosion and
Sedimentation (Proceedings of Rabat Symposium S6, April 1997). IAHS Publ. 245.

Gardziel, Z., Harasimiuk, M., Rodzik, J. 1998. Evaluation of the dynamics of ravine erosion
in the Grodarz stream basin stimulated by agricultural exploitation and communication

system. Int. Agrophysics, 12, 321-331.



Gardziel, Z., Rodzik, J. 2000. Warunki rozwoju, uzytkowania i ochrony wawozOw
drogowych okolic Kazimierza. In: Radwan S., Lorkiewicz Z. (eds), Problemy ochrony i
uzytkowania obszarow wiejskich o duzych walorach przyrodniczych. Wyd. UMCS, Lublin.
pp. 247-255.

Gardziel, Z., Rodzik, J. 2001. Drogi gruntowe jako stymulator przemian silnie urzezbionego
krajobrazu lessowego (w okolicy Kazimierza Dolnego). Problemy Ekologii Krajobrazu 10,
305-311.

Gascuel-Odoux Ch., Aurousseau P., Doray T., Squividant +! ."zcary F., Uny D., Grimaldi C.
2011. Incorporating landscape features to obtain ai. object-oriented landscape drainage
network representing the connectivity of surface i.~w pathways over rural catchments.
Hydrol. Process. 25, 3625-3636. https://doi.o*g.”.0..002/hyp.8089

Geiger, R. 1950. The climate near th. ground. Harvard University Press, Harvard,
Massachusetts.

Gelfer, A.A. 1901. Gullies and *he ‘irnt against them. In: Expedition to research the sources
of the main rivers of Europe.n Russia. Sankt-Petersburg: Typo-lithograph. K. Birkendelf, 70
p. (in Russian)

Goudie, A., Viles, h. 2010. Landscapes and Geomorphology: A Very Short Introduction.
Oxford University Press, Oxford, UK.

Goudie, A., Viles, H. 2016. Geomorphology in the Anthropocene. Cambridge University
Press, Cambridge, UK.

Ghofrani, Z., Sposito, V. and Faggian, R. 2017. A Comprehensive Review of Blue-Green
Infrastructure Concepts. International Journal of Environment and Sustainability. 6(1) 15-36.

Gierszewski S., 1982. Wista w dziejach Polski. Wyd. Morskie, Gdansk. pp. 287.



Haase D., Fink J., Haase G., Ruske R., Pécsi M., Richter H., Altermann M., Jager K.-D.,
2007 Loess in Europe—Its spatial distribution based on a European Loess Map, scale
1:2,500,000. Quaternary Science Reviews 26(9), 1301-1312, DOl:
10.1016/j.quascirev.2007.02.003

Hassen, G., Bantider, A. 2020. Assessment of drivers and dynamics of gully erosion in case of
Tabota Koromo and Koromo Danshe watersheds, South Central Ethiopia. Geoenvironmental
Disasters (2020) 7:5; 1-13. https://doi.org/10.1186/s40677-019-0:38-4

Hempel, L. 1957. Das morphologische Landschaftsbild de< ' i.:z.eichsfeldes unter besonderer
411 Berucksichtigung der Bodenerosion und ihrer Kleinformen. In: Forschungen zur
Deutschen Landeskunde 412 98.

Heneberg, P., Bogusch, P. 2020. Identificati,v. o/ a previously overlooked anthropogenic
habitat that attracts diverse assemblagec of *areatened bees and wasps. Ecological Engineering
147, 15, 105759. https://doi.org/10.1u 6/j.ecoleng.2020.105759

Herault, B., Cucherat, X., PP mentier, E. 2003. Communautés végeétales et curiosités
botaniques de chemins creu.” de la vallée de la Dyle au sud-ouest de Leuven (VIaams-
Brabant, Belgique). Du~aii= 80, 01.04.2003, 29-34.

Herzog, 1. 2017. Recnnstructing Pre-Industrial Long-Distance Roads in a Hilly Region in
Germany, Based on Historical and Archaeological Data. Studies in Digital Heritage 1(2), 642
— 660. https://doi.org/10.14434/sdh.v1i2.23283

Hinz, H. 1950/51, Hugelgrabwege an der Westklste Schleswigs. In: Archaelogica

Geographica, Bd. 1, 52—54.



Hippensteel, S. 2019. Rocks and Rifles. The Influence of Geology on Combat and Tactics
during the American Civil War. Advances in Military Geosciences. Springer Nature
Switzerland.

Houben, P., Schmidt, M., Mauz, B., Stobbe, A., Lang, A. 2012. Asynchronous Holocene
colluvial and alluvial aggradation: A matter of hydrosedimentary connectivity. The Holocene
23(4) 544-555. https://doi.org/10.1177/0959683612463105

Hoczyk-Siwkowa, S., 1999. Matopolska Pétnocno-Wschodrie. w VI-X wieku, struktury
osadnicze. Wydawnictwo UMCS, Lublin. pp. 149.

Huggett, R.J. 2017. Fundamentals of Geomorphology. :"aurth Edition, Routledge, Abingdon,
Oxon, UK.

loffe, G., Nefyodova, T., Zaslavsky, I. 200€. Tne End of Peasantry? The Disintegration of
Rural Russia. Pittsburgh (Pa): Univ. of "ittcourgh Press.

lonita, 1. 2006. Gully development . the Moldavian Plateau of Romania. Catena 68(2-3),
133-140. https://doi.org/10.1016"¢ c.t~.1a.2006.04.008

lonita I., Niacsu L., Petrovic. G., Blebea-Apostu A-M. 2015a. Gully development in eastern
Romania: a case stu™ fom Falciu Hills. Natural Hazards 79, Suppl. 1, 113-138.
https://doi.org/10.100 " /s11069-015-1732-8

Ionita I., Fullen M. A., Zglobicki W., Poesen J. 2015b. Gully erosion as a natural and human-
induced hazard. Natural Hazards 79, Suppl. 1, 1-5. https://doi.org/10.1007/s11069-015-1935-z
Iriarte, J., Robinson, M., de Souza, J., Damasceno, A., da Silva, F., Nakahara, F., Ranzi, A.,
Aragao, L.2020. Geometry by Design: Contribution of Lidar to the Understanding of
Settlement Patterns of the Mound Villages in SW Amazonia. Journal of Computer

Applications in Archaeology, 3(1), pp. 151-169. DOI: https://doi.org/10.5334/jcaa.45



Jakab, G. and Szalai, Z. 2015. The Somogybabod Gully: Hidden Erosion (Piping) in the
Somogy Hills. In Lo6czy, D. (Ed.). Landscapes and Landforms of Hungary. World
Geomorphological Landscapes. Springer, Heidelberg, 97 —103.

Janicki, G., Rodzik, J., Zglobicki, W., 2002. Geomorphic effects of land use changes (a case
of the Gutandw loess catchment, Poland). Geogr. Cas. 54, 39-57.

Jary, Z., Owczarek, P., Solarska, A., Maziarz M. 2012. Unikatowa rzezba lessowa Wzgorz
Niemczansko-Strzelinskich. In Tarka R., Moskwa K. (eds.) Wd'ory przyrody nieozywionej
wzgorz Niemczansko-Strzelinskich. Uniwersytet Wroctaw<l* " octaw pp. 20-26.

Jaworski, T., 2018. Pdéznoglacjalny i holocenski rozwo, dolinek erozyjno-denudacyjnych na
wybranych przyktadach zboczy dolin i rynien w xrajobrazie mtodoglacjalnym Polski
Poétnocnej. Wydawnictwo Naukowe UMK, Tor o 1.

Jozefaciuk, Cz. and Jozefaciuk, A. 196 Erozja wawozowa i metody zagospodarowania
WawozOWw. PIOS, Biblioteka Monitori.au Srodowiska, Warszawa.

Jozefaciuk, Cz. and Jozefaciu'- + 1992. Gesto$¢ sieci wawozowe] w fizjograficznych
krainach Polski. Pam. Pul. 1v'. 51-66.

Jozefaciuk, Cz. and Nzwe~en, E. 1991. Ocena gesto$ci wawozow drogowych w Polsce.
Zesz. Nauk. Akademi. Rolniczej w Krakowie 255 (30), 63-69.

Kerényi, A. 2015. Loess Features on Tokaj Hill. In Léczy, D. (Ed.). Landscapes and
Landforms of Hungary. World Geomorphological Landscapes. Springer, Heidelberg, 219 —
225.

Kirchner, A. Herrmann N., Stadtmann R., Lahmer T., Hill L-M, Steinbrecher T., Sauerwein

M. 2020. Spatial analysis of hollow ways in the Hildesheimer Wald Mountains (Lower



Saxony, Germany) as a model for mountainous regions of Central Europe. Erdkunde 74 (1),
1-14. https://doi.org/10.3112/erdkunde.2020.01.01

Kleyer, M. 1999. Distribution of plant functional types along gradients of disturbance
intensity and resource supply in an agricultural landscape. Journal of Vegetation Science 10:
697-708, 1999.

Knapen, A., Poesen, J., Govers, G., Gyssels, G. and Nachtergaele, J. 2007. Resistance of soils
to concentrated flow erosion: A review. Earth Science Reviews 80:75-109.
https://doi.org/10.1016/j.earscirev.2006.08.001

Kotodynska-Gawrysiak R., Gawrysiak L, Budzynski A., Gardziel Z. 2011. Wawozy drogowe
Wyzyny Lubelskiej i Roztocza oraz sposoby . ‘1 zabezpieczania przed procesami
niszczacymi. Annales UMCS sec B, LXVI, 20 7. https://doi.org/10.2478/v10066-011-0011-
2

Kroczak, R. 2010. Geomorfologiczne * hydrologiczne skutki funkcjonowania drég polnych na
Pogorzu Cigzkowickim. Prace G~og -2iiczne IGiPZ PAN, ss. 225.

Kroczak, R., Bryndal T., Bu-ata A., Fidelus J. 2016. The development, temporal evolution
and environmental inflen.~ of an unpaved road network on mountain terrain: an example
from the Carpatti.an Mts.  (Poland). Environmental Earth Sciences 75:250.
https://doi.org/10.1007/s12665-015-5055-6

Lach, J. 1984. Geomorfologiczne skutki antropopresji rolniczej w wybranych czesciach
Karpat i ich Przedgorza. Prace Monogr. WSP Krakow 46.

Latocha, A. 2009. Land-use changes and longer-term human—environment interactions in a
mountain  region  (Sudetes Mountains, Poland). Geomorphology 108, 48-57.

http://doi.org/10.1016/j.geomorph.2008.02.019



Latocha, A. 2014. Geomorphic connectivity within abandoned small catchments (Stolowe
Mts, SW Poland). Geomorphology 212, 4-15. http://doi.org/10.1016/j.geomorph.2013.04.030
Le Bissonnais, Y. 2016. Aggregate stability and assessment of soil crustability and erodibility:
I. Theory and methodology. European Journal of Soil Science 67, 11-21.
https://doi.org/10.1111/ejss.4_ 12311

Lenoir, J., Hattab, T., Pierre, G. 2017. Climatic microrefugia under anthropogenic climate
change: implications  for  species redistribution.  Lcography  40:  253-266.
https://doi.org/10.1111/ecog.02788

Lis¢ak, P. et al. 2012. Vyznamné geologické loka.*y. [Important Geological Sites of
Slovakia]. [http://lokality.geology.cz/d.pl]. Bratisla. «: Statny geologicky ustav Dionyza
Stara. [cit. 2019-10-01].

Léczy, D, Suto, L. 2011. Human acti' ity and geomorphology, in K. J. Gregory and A. S.
Goudie (eds) The SAGE Handbook o Geomorphology, London: Sage Publications. pp. 260—
78.

Lukni§, M. 1977. Geografia .‘rajiny Jura pri Bratislave. Univerzita Komenského, Bratislava.
211 p.

Maetens, W., Vanmac.-cke, M., Poesen, J., Jankauskas, B., Jankauskien, G., lonita, I. 2012a.
Effects of land use on annual runoff and soil loss in Europe and the Mediterranean: A meta-
analysis of plot data. Progress in  Physical Geography 36, 599-653
https://doi.org/10.1177/0309133312451303.

Maetens, W., Poesen, J., Vanmaercke, M. 2012b. How effective are soil conservation
techniques in reducing plot runoff and soil loss in Europe and the Mediterranean? Earth-

Science Reviews 115:21-31 https://doi.org/10.1016/j.earscirev.2012.08.003.



Martens, D.A.W., 2013. Factoren die de plantendiversiteit in holle wegen beinvloeden en
richtlijnen voor een aangepast beheer. MSc. thesis. Department Land- en tuinbouwkunde,
Thomas More Geel, Belgium.

Martin, S.R. 2003. The Long Meadow: An Historical Ecology of Roadsides in Britain,
Landscapes, 4:2, 90-113, DOI: 10.1179/1an.2003.4.2.90

Martinek, J., Bil, M. 2017. The Geomorphological Effects of Old Routes. EGU General
Assembly 2017. Geophysical Research Abstracts. Vol. 19.

Maruszczak, H. 1961, Le relief des terrains de loess sur le ='aw.2u de Lublin. Annales UMCS,
B, 15, 93-122

Maruszczak, H. 1987. Loesses in Poland, Theun ostratigraphy and Paleogeographical
Interpreatation. Annales UMCS, Sec. B, t.41: 1 48

Maruszczak, H., 1988. Zmiany $rodow: :ka przyrodniczego kraju w czasach historycznych, in:
L. Starkel (Ed.), Przemiany $rodowisn ™ geograficznego Polski, 109-135.

Massalsky, V. 1897. Ovragi cher,o_emnoi polosy Rossii: ikh rasprostranenie, razvitie i
deyatelnost. Sankt-Peterburg, Kirsnbaum, Publ. House. 354 p.

Mazur, A. 1999. Oce=a ~-zeciwerozyjnej zabudowy lessowego wawozu drogowego w
Elizéwce. Acta Agropysica 23, 87-96.

Mazur, A. 2008. Rozw0j wawozu drogowego w Wielkopolu (Wyzyna Lubelska). Przeglad
Naukowy. Inzynieria i Ksztattowanie Srodowiska 17 (2), 70-77.

Mazur, A., Grzywna, A., Krél, Z., Gabryszuk, J., Niescioruk, K., Obroslak, R. 2015. Rozwdj
wawozu drogowego w Gorzkowie (Wyzyna Lubelska). Inzynieria Ekologiczna 44, 89—94.
Mazur, A., Obroélak, R., Niescioruk, K, Krél, Z., Gabryszuk, J., Rybicki, R. 2016. Analysis

of erosion control construction effectiveness. The case of road gully in Wielkopole (Lublin



Upland). Journal of Ecological Engineering 17 (4), 180-183.
https://doi.org/10.12911/22998993/64507

Migon, P., Latocha, A. 2018. Human impact and geomorphic change through time in the
Sudetes, Central Europe. Quaternary International 470, 194-206.
https://doi.org/10.1016/j.quaint.2018.01.038

Moldenhauer, K.-M., Heinrich, J. and Vater, A. 2010. Causes and history of multiple soil
erosion processes in Northern Odenwald Uplands. Die Erde 141 \?), 171-186.

Mor-Mussery A., Laronne J. B. 2020. The effects of gu'!:’ crzsion on the ecology of arid
loessial agro-ecosystems,the northern Negev, Israel. Cawna 194, 104712.

Miller, J. 2005. Landschaftselemente aus Mensci.=iahand. Biotope und Strukturen als
Ergebnis extensiver Nutzung. Heidelberg: Elsa\’er. Spektrum Akad. Verl.

Nadal-Romero, E., Verachtert, E., Macs, P., Poesen, J. 2011. Quantitative assessment of the
piping erosion susceptibility of icass-derived soil horizons using the pinhole test.
Geomorphology 135, 66-79. htt=s:/,47,i.0rg/10.1016/j.geomorph.2011.07.026

Nir N, Knitter D, Hardt J, Sc, 1ttt B. 2021 Human movement and gully erosion: Investigating
feedback mechanisms *'si>c Frequency Ratio and Least Cost Path analysis in Tigray,
Ethiopia. PLoS ONE 15(2): €0245248. https://doi.org/10.1371/journal.pone.0245248
Nouwen, R. 2020. De Romeinse weg Tongeren-Maastricht ter hoogte van Blaar. Tongerse
Annalen juni 2020, 1-11.

Nowocien, E. 1996. Dynamika rozwoju wawozow drogowych na obszarach lessowych
Polski. Pamigtnik Putawski 107, 101-111.

Nowocien, E. and Podolski, B., 2008. Dynamics of development of sunken lanes on loess

areas. Przeglad Naukowy. Inzynieria i Ksztattowanie Srodowiska 17 (3), 50-58.



Nykamp, M., Heeb, B.S., Knitter, D., Krause, J., Krause, R., Szentmiklosi, A., Schitt, B.
2015. Linking Hydrological Anomalies to Archaeological Evidences — Identification of Late
Bronze Age Pathways at the Fortification Enclosure larcuri in Western Romania, in: Kbnitter,
D., Bebermeier, W., Nakoinz, O. (eds.) Bridging the Gap — Integrated Approaches in
Landscape Archaeology. eTopoi Journal for Ancient Studies, Special Volume 4 (2015): 77—
92.

Pachinger, B., 2008. Narrow pass Johannesberg (Vienna, Uracvlaa, Austria) - habitat and
stepping stone for wild bees (Hymenoptera, Apidae). Beitr22ae zur Entomofaunistik 8:69-83.
Pallas P.S. 1786. Puteshestviye po raznym provintsiyan. Rossiyskoy imperii. Petersburg: Part
I1. book I.

Papco, P., 2014.What can be interesting foi geutourism development in an agricultural
landscape? Soil erosion. In: GEOTC JR & IRSE 2014: conference proceedings (16-18
October 2014, Miskolc, Hungary). Technical University of Kosice, KoSice, pp 35-43.
Pauwels, F., Gulinck, H. 2000. ~henring minor rural road networks in relation to landscape
sustainability and farming oractices in West Europe. Agriculture, Ecosystems and
Environment 77 (2000) °5- 7%, https://doi.org/10.1016/S0167-8809(99)00095-X

Poesen, J. 1989. Condtions for gully formation in the Belgian Loam Belt and some ways to
control them. Soil Technology Series 1, 39-52.

Poesen, J. 1993. Gully typology and gully control measures in the European loess belt, in:
Wicherek, S. (ed.) Farm Land Erosion in Temperate Plains Environment and Hills. Elsevier
Science Publishers, Amsterdam, 221-239.

Poesen, J., 2018. Soil erosion in the Anthropocene: Research needs. Earth Surf. Process.

Landforms 43, 64-84. https://doi.org/10.1002/esp.4250



Poesen, J., Vandaele, K. and van Wesemael, B. 1996. Contribution of gully erosion to
sediment production in cultivated lands and rangelands. IAHS Publ. 236:251-266.

Poesen, J., Vanwalleghem, T., Deckers, J. 2018. Gullies and Closed Depressions in the Loess
Belt: Scars of Human-Environment Interactions. In A. Demoulin (ed.), Landscapes and
Landforms of Belgium and Luxembourg, World Geomorphological Landscapes, Springer,
Chapter 15: 353-267. DOI 10.1007/978-3-319-58239-9_15

~

Poesen, J., Nachtergaele, J., Verstraeten, G. and Valentin, C 2003. Gully erosion and
environmental change: importance and research przoa.. Catena 50(2-4), 91-133.
https://doi.org/10.1016/S0341-8162(02)00143-1

Poschlod, P. and Braun-Reichert, R. 2017. Small naw.~al features with large ecological roles
in ancient agricultural landscapes of Central =Lvop-. - history, value, status, and conservation.
Biological Conservation 211, 60—68. ht'as:/ doi.org/10.1016/j.biocon.2016.12.016

Radoane. M., Ichim. I., Radoane. N. *995. Gully distribution and development in Moldavia,
Romania. Catena 24, 127-146.

Radoane. M., Radoane. N. z217. Gully Erosion. In: M. Radoane and A. Vespremeanu-Stroe
(eds.), Landform Dynar~ics »id Evolution in Romania, Springer Geography, Chapter 16: 371-
396. DOI 10.1007/97¢ 3-319-32589-7_16

RLD, 2004. Holle wegen, handleiding wetgeving en beheer. Regionaal Landschap Dijleland
& Regionaal Landschap Noord-Hageland vzw, Heverlee.

RLH, Proclam, 2009. Leren beheren: Agrarisch natuur- en landschapsbeheer, Module 6: Holle
wegen. Kortessem Reg. Landschap Haspengouw en VVoeren vzw.

RLHV, 2006. Holle wegen. Een praktische handleiding voor het beheer van holle wegen in

Haspengouw en de Voerstreek. Regionaal Landschap Haspengouw en VVoeren vzw, Hasselt.



Rodzik, J., 2006. Wawozy — naturalne, czy kulturowe elementy krajobrazu? Problemy
Ekologii Krajobrazu 18, 377-382.

Rodzik, J., Krukowski, M., Zagorski, P. 2014. The mechanism and stages of development of a
field road gully in relation to changes in the surrounding land relief. Annales UMCS, B, 69
(1); 135-147. https://doi.org/10.2478/v10066-012-0043-2

Rodzik, J., Terpitowski, S., Godlewska, A., Mroczek P., 2015. Contemporary development of
an atypical bank gully in the Szwajcaria Podlaska Nature Recerve resulting from human
activity (E Poland). Zeitschrift fiar Geomorphel~az, 59,  Suppl. 2, 7-22.
https://doi.org/10.1127/zfg_suppl/2015/S-59202

Rysin, 1.1. 1998. Gully Erosion in Udmurtia. Udmurt 5= University: 1zhevsk (in Russian)
Sajdak, E. 1987. Erozja wodna gleb w zlewn. stconicy Na Pogorzu Dynowskim. Roczniki
Gleboznawcze 38 (1) 175—181. YADL-A

Sandner, M., Karaschweski, J., Diec.” J.-P. and Herrmann, N. 2014. Genese einer linearen
Hohlform auf Carbonatgesteir ir.» nodrdlichen Hildesheimer Wald - unter besonderer
Berlicksichtigung der 454 Aw-onrayung periglazialer Lagen und der holozénen Pedogenese. In:
Hildesheimer Geographi-ci.~ studien 455 4, 12.

Schrodt F. et al. 20.7. lo advance sustainable stewardship, we must document not only
biodiversity but geodiversity. PNAS 116 (33), 16155-16158.
https://doi.org/10.1073/pnas.1911799116

Slamova, M., Belacek, B., Beljak, J., Pazinova, N., Chudy, F. (2014). Dependence of the
Medieval settlements and historic roads to the natural environment around the Deserted castle

in Zvolen (Slovakia). In Procedia, Social and Behavioral Sciences, 120, 213-223.



Sobolev S.S. 1948. Razvitiye erozionnykh protsessov na Yevropeyskoy chasti SSSR i bor'ba s
nimi. Moskva-Leningrad, 1zd-vo AN SSSR.

Sperling, W., Zigrai, F. 1970. Siedlungs- und agrargeographische Studien in der Gemeinde
Liptovska Teplicka. Geograficky ¢asopis, 22, 1, 3-18 and 2, 97-131.

Shore, T.W. 1889. Old roads and fords of Hampshire. The Archaeological Review 3(2), 89-
98.

Stupik, J. 1984. Stream runoff generation in the Polish Carpathi.ns. Geographia Polonica 50,
297-314.

Spooner, P.G. 2015. Minor rural road networks: valu’s, challenges, and opportunities for
biodiversity conservation. In: Seiler A, Helldin J-7 (Eds) Proceedings of IENE 2014
International Conference on Ecology ara Transportation, Malmd, Sweden. Nature
Conservation 11: 129-142. doi: 10.389" /na’ureconservation.11.4434

Stankoviansky, M. 2003a. Geomori>logickd odozva environmentélnych zmien na Uzemi
Myjavskej pahorkatiny. Univerzi*a | “c.menského, Bratislava.

Stankoviansky, M. 2003b. h.-torical evolution of permanent gullies in the Myjava Hill Land,
Slovakia. Catena, 51, 3-* .27-239. https://doi.org/10.1016/S0341-8162(02)00167-4

Steegen, A., Govers, C , l'akken, I., Nachtergaele, J., Poesen, J. and Merckx, R. 2001. Factors
controlling sediment and phosporous export from two Belgian agricultural catchments. J.
Environmental Quality 30:1249-1258. https://doi.org/10.2134/jeq2001.3041249x

Stevens, J., 1987. Holle wegen in Limburg. Report Provinciaal Natuurcentrum. Rekem,
Belgium 151 p.

Stevens, J., 1997. Holle wegen. Met een erfgoed de berg af., in: Hermy, M., De Blust, G.

(Eds.), Punten En Lijnen in Het Landschap. Van De Wiele, Brugge, pp. 173-194.



Stone, E.C. 2020. Hollow Ways in Southern Mesopotamia. In: Lawrence, D., Altaweel, M.,
Philip, G. (Eds). New Agendas in Remote Sensing and Landscape Archaeology in the Near
East. Studies in Honour of Tony J. Wilkinson: 144- 153.

Stokes, A., Douglas, G.B., Fourcaud, T., Giadrossich, F., Gillies, C., Hubble, T., Kim, J.H.,
Loades, K.W., Mao, Z., Mclvo, I.R., Mickovski, S.B., Mitchell, S., Osman, N., Phillips, C.,
Poesen, J., Polster, D., Preti, F., Raymond, P., Rey, F., Schwarz, M., Walker, L.R., 2014.
Ecological mitigation of hillslope instability: Ten key issu?s facing researchers and
practitioners. Plant Soil 377, 1-23. https://doi.org/10.1007/221..2+-014-2044-6

Stolz, C. 2011. Spatiotemporal budgeting of soil erosiv™ in the abandoned fields area of the
,,Rahnstitter Hof** near Michelbach (Taunus Mts., W. ern Germany). Erdkunde 65, 4: 355-
370. https://doi.org/10.2307/41331382

Stralmann, A. 2004. Hohlwege als his’orische Landschaftsbestandteile Westfalens, in:
Heimatpflege in Westfalen 17, H 1, 5. 1-9.

Superson, J., Rodzik, J., Rede~ . 2014. Natural and human influence on loess gully
catchment evolution: A case “tudy from Lublin Upland, E Poland. Geomorphology, 212, 28-
40. https://doi.org/10.1°" 6, eomorph.2013.09.011

Superson, J., Rodzik, 1., Reder, J., Zgtobicki, W., Klimowicz, Z., Franczak, L. 2016. Phases
of alluvial fan development in a loess area, Lublin Upland, E Poland. Quaternary International
399, 31-45. https://doi.org/10.1016/j.quaint.2015.06.029

Stensager, A. O. 2002. Barrows and Roads. Some Possibilities Based on Soil Classification
Maps. Lund Archaeological Review B-9 (2002-2003), 57-61.

Szabo, J. Déavid, L., Loczy, D. 2010. Anthropogenic Geomorphology A Guide to Man-Made

Landforms.



Tarolli, P., Cao, W., Sofia, G., Evans, D., Ellis, E. C. 2019. From features to fingerprints: A
general diagnostic framework for anthropogenic geomorphology. Progress in Physical
Geography, 43(1), 95-128.

Torri, D. and Poesen, J., 2014. A review of topographic threshold conditions for gully head
development in  different  environments.  Earth-Science  Rev. 130, 73-85.
https://doi.org/10.1016/j.earscirev.2013.12.006

Torri, D., Poesen, J., Rossi, M., Amici, V., Spennacchi, D., creamer, C. 2018. Gully head
modelling: A Mediterranean badland case study. Earth St::f Process. Landforms 43, 2547—
2561. https://doi.org/10.1002/esp.4414

Tsoar, H., Yekutieli, Y. 1992. Geomorphological ider.**tication of ancient roads and paths on
the loess of the northern Negev, Israel Journa' ¥ £7rth Sciences 41, 209-216.

Tukiainen, H., Kiuttu, M., Kalliola, R., Al-.nuhta, J., Hjort, J. 2019. Landforms contribute to
plant biodiversity at alpha, bew. and gamma levels. Journal of Biogeography.
https://doi.org/10.1111/jbi.1356°

Ur, J.A. 2003. CORONA _~telnte photography and ancient road networks: A Northern
Mesopotamian n1Se study. Antiquity 77(295), 102-115.
https://doi.org/10.101./Su003598X00061391

Ulriksen, J., Schultz, M.K. and Mortensen, M.F. 2020. Dominating the Landscape — the
emblematic Setting of Borgring and the Viking Age Ring Fortresses of Denmark. Danish
Journal of Arhaeology 2020, VOL 9, 1-22, https://doi.org/10.7146/dja.v9i0.116110

Van Den Eeckhaut, M., Poesen, J., Dewitte, O., Demoulin, A., De Bo, H., Vanmaercke-

Gottigny, M.C. 2007. Reactivation of old landslides: lessons learned from a case-study in the



Flemish ~ Ardennes (Belgium). Soil Use and Management 23(2), 200-211.
https://doi.org/10.1111/j.1475-2743.2006.00079.x

Vanwalleghem, T., Van Den Eeckhaut, M., Poesen, J., Deckers, J., Nachtergaele, J., Van
Oost, K., Slenters, C., 2003. Characteristics and controlling factors of old gullies under forest
in a temperate humid climate: A case study from the Meerdaal Forest (Central Belgium).
Geomorphology 56, 15-29. https://doi.org/10.1016/S0169-555X(03)00043-6

Veress, M., Nemeth, I., Schlaffer, R., 2012. The effects of inten.'ve rainfall (flash floods) on
the development of the landforms in the Koszeg Mountzins {idungary). Central European
Journal of Geoscience 4(1), 47-66. https://doi.org/10.24,*/s13533-011-0061-z

Veress, M., Németh, I. and Schlaffer R. 2013. The ehc s of flash floods on gully erosion and
alluvial fan accumulation in the Kdszeg Muounfains. In Loczy (Ed.) Geomorphological
Impacts of Extreme Weather. Case “tuc.es tfrom Central and Eastern Europe. Springer
Dordrecht: 301 — 312.

Verschoof-van der Vaart, W.B. ~na ! andauer, J. 2021. Using CarcassonNet to automatically
detect and trace hollow roas ni LIDAR data from the Netherlands. Journal of Cultural
Heritage 47 (2021) 143 1.1 attps://doi.org/10.1016/j.culher.2020.10.009

Verstraeten, G. and r ~esen, J. 1999. The nature of small-scale flooding, muddy floods and
retention pond sedimentation in central Belgium. Geomorphology, 29, 275-292.
https://doi.org/10.1016/S0169-555X(99)00020-3

Verstraeten, G., Rommens, T., Peeters, I., Poesen, J., Govers, G., Lang, A. 2009. A
temporarily changing Holocene sediment budget for a loess-covered catchment (central

Belgium). Geomorphology 108, 24-34. https://doi.org/10.1016/j.geomorph.2007.03.022



Verdurmen, 1. 2018. Handleiding voor het inventariseren en waarderen van wegen met
erfgoedwaarde. Agentschap Onroerend Erfgoed, Brussel, 118 pp.

Vine P.A.L., 1985. West Sussex Waterways, Middleton Press. 96 pp.

Volkmann, A. 2017. Perspectives for Network Analysis: Roman Roads, Barbarian Paths and
Settlement Patterns in the Borderlands at the Limes Germanicus in the Main River Region.
Open Archaeology 3: 123-138.

Waldykowski P. and Krzemien K. 2013. The role of road and \>otpath networks in shaping
the relief of middle mountains on the example of the Gorz~ \.*zuntains (Poland). Zeitschrift
fur Geomorphologie 57 (4), 429-470. https://doi.org/10..127/0372-8854/2013/0108
Warowna, J., Zgtobicki, W., Kotodynska-Gawrysiak, <., Gajek, G., Gawrysiak, L., Telecka
M. 2016. Geotourist values of loess geohe-ir>ze within the planned Geopark Matopolska
Vistula  River Gap, E Polcad.  Quaternary International 399,  46-57.
https://doi.org/10.1016/j.quaint.2015.C5.064

Way, J.M. 1977. Roadside v~rgee and conservation in Britain: a review. Biological
Conservation 12: 65-74.

White, G., 1788: Letter */ ., The Natural History of Selborne. B White and Son, London.
Wilkinson, T. 1993. . inear Hollows in the Jazira, Upper Mesopotamia. Antiquity 67, 548—
562. https://doi.org/10.1017/S0003598X00045750

Westerdahl, C. 2006. The relationship between land roads and sea routes in the past - some
reflections. Deutsches Schiffahrtsarchiv, 29, 59-114. https://nbn-

resolving.org/urn:nbn:de:0168-ssoar-55907-1



Wilkinson, T.J., French, Ch. Ur, J.A., Semple M. 2010. The Geoarchaeology of Route
Systems in Northern Syria. Geoarchaeology: An International Journal 25(6), 745-771
http://doi.org/10.1002/gea.20331

Zgtobicki, W. 1998a. Antropogeniczne formy rzezby jako przejaw transformacji krajobrazu
obszardw lessowych. Acta Geographica Lodziensia 74, 229-236.

Zglobicki, W. 1998b. Wawozy drogowe podinocno-zachodniej czeSci Plaskowyzu
Nateczowskiego. In: R. Dobrowolski (ed.) IV Zjazd Geomo.fologow Polskich, Glowne
kierunki badan geomorfologicznych w Polsce. Stan aktualr; 1 . z.spektywy, I11,175-179.
Zglobicki, W. and Baran-Zgtobicka, B. 2012. Impact 0, 'oess relief on land use mosaic in SE
Poland. Catena 96, 76-82. https://doi.org/10.1016/j.caw.a.2012.04.014

Zgtobicki, W. and Baran-Zgtobicka, B. 201°. (seomorphological Heritage as a Tourist
Attraction. A Case Study in Lubels' ie ’rovince, SE Poland. Geoheritage 5, 137-149.
https://doi.org/10.1007/s12371-013-0C76-6

Zgtobicki, W., Gawrysiak, L., Vot dynska-Gawrysiak, R. 2015. Gully erosion as a natural
hazard: the educational role of yeotourism. Natural Hazards 79, Supplement 1, 159-181.
https://doi.org/10.1007/211044-014-1505-9

Zgtobicki, W., Poeser,, J., Cohen, M., Del Monte, M., Garcia-Ruiz, J.M., lonita, I., Niacsu, L.,
Machova, Z., Martin-Duque, J.F., Nadal-Romero, E., Pica, A., Rey, R., Solé-Benet, A.,
Stankoviansky, M., Stolz, Ch., Torri, D., Soms, J., Vergari, F. 2019. The potential of
permanent gullies in Europe as geomorphosites. Geoheritage 11 (2), 217-239.

https://doi.org/10.1007/s12371-017-0252-1



Ziegler, A.D., Sutherland, R.A. and Giambelluca T.W., 2000. Runoff generation and sediment
production on unpaved roads, footpaths and agricultural land surfaces in northern Thailand.
Earth Surface Processes and Landforms, 25 (5) 519-534.

Ziemnicki, S., Mazur, Z., Patys, S. 1975. Rozw6j wawozu lessowego na Kwaskowej Gorze.
Zesz. Probl. Post. Nauk Roln. 170, 7-24.

Zlatuska, K. 2012. Assessing the Use of Sunken Lanes for Water Retention in a Landscape.

Slovak J. Civ. Eng. 20(4), 44-51. https://doi.org/10.2478/v10185 112-0021-8



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

CIThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




Graphical abstract

Research highlights

This comprehensive review of sunken lanes highlights their importance in many landscapes.
Sunken lanes significantly affect geomorphological, hydrological and ecological processes.

Given their multifunctional role sunken lanes deserve proper management and protection.



