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ABSTRACT

The  article presents the  results of  the  project Analysis of  Changes in  the  Water 
Regime of Land and Watercourses in the Krkonoše National Park Caused by the Network 
of Roads (TA CR, no. TITSMZP945), implemented as a public procurement commis‑
sioned by the Ministry of the Environment of the Czech Republic within the BETA2 
applied research programme. The main output of the project is a two‑level typol‑
ogy of  the  road network in  terms of  its impact on surface and subsurface run‑
off. This typology was applied to the territory of Krkonoše National Park (KRNAP) 
in the Czech Republic and presented in the form of cartographic atlases. The article 
describes the principles and criteria of the proposed typology and the methodol‑
ogy of its application in map production, which at the basic level combines spa‑
tial analyses of road network datasets, digital terrain models and the hydrographic 
network, and at the detailed level incorporates the results of extensive field sur‑
veys. The  original analytical procedures include, among other things, the  detec‑
tion of  directional and elevation breaks in  road segments and the  delineation 
of  micro‑catchments for individual sections. The  resulting maps provide KRNAP 
Administration and other managers of protected areas with a tool for identifying 
road segments with the highest potential impact on the hydrological regime and 
serve as a basis for planning compensatory measures or restoration interventions.

INTRODUCTION

The  water regime of  mountain  and submontane areas is naturally shaped by 
the influence of topography, soil, and vegetation characteristics as well as atmos‑
pheric precipitation. However, the  construction of  linear infrastructure disrupts 
natural hydrological processes, particularly in  areas with a  higher concentration 
of  drainage and paved features. Forest and field roads, which often follow con‑
tour lines and fall lines, contribute to changes in water retention and accumulation, 
as well as to the formation of preferential pathways that alter the direction of sur‑
face runoff and its concentration in the landscape. According to studies carried out 
under various geomorphological and climatic conditions, the infiltration capacity 
of a catchment may decrease, even though the overall area of roads usually does 
not represent a significant proportion of the territory [1–3].

The  density of  roads  [4–6], their spatial distribution, and their drainage have 
a considerable influence on peak runoff values. Some studies show that road net‑
works primarily affect the direction and concentration of runoff, while their impact 
on the volume of direct runoff is only limited [7]. The reason is that roads have a dis‑
tinctly linear character, and therefore their area is negligible in relation to the total 
area in question. For example, in  the Deschutes River catchment in Washington 
State (USA), an increase in  peak discharge values of  up to approximately 12 % 
was observed  [8]. Both studies also examined the  influence of  deforestation on 

the  runoff regime and, although the authors do not acknowledge it, the  results 
may be distorted by the fact that several types of changes occurred simultaneously 
in the studied areas (road construction, deforestation). The issue of accelerated run‑
off regime is particularly relevant in protected areas, where emphasis is placed on 
maintaining the natural water cycle and minimising anthropogenic disturbance.

The  project Analysis of  Changes in  the  Water Regime of  Land and Watercourses 
in  the  Krkonoše National Park Caused by the  Network of  Roads (no. TITSMZP945) 
was carried out from 2021 to 2024 as a  public procurement of  the  Ministry 
of the Environment (MoE), administered by the Technology Agency of the Czech 
Republic (TA  CR) within  the  BETA2 applied research programme. The  procure‑
ment specifically covered a defined set of outputs with practical applications for 
the management of the protected area, including: (1) typology of the road network 
according to its influence on hydrological processes; (2) map of the road network 
in Krkonoše National Park (KRNAP) with differentiation according to the developed 
typology; (3) Methodology for the Design of new roads and modifications of exist‑
ing ones with regard to minimizing surface runoff; and (4) database of structures for 
water conveyance. At the time of publication of this article, the results of the project 
were already finalised in terms of content; however, the formal closure of the pro‑
ject had not yet taken place. For this reason, and due to the nature of the project as 
a public procurement, the outputs could not be made publicly available at the time 
of the article’s release. Their publication is planned by the end of 2025.

Due to the  structure of  the  public procurement and the  required schedule, 
there was no scope within the project for conducting hydrological measurements 
in  the  field. The  approach was therefore based on a  synthesis of  available expert 
knowledge, analysis of  spatial data, and categorisation of  roads according to their 
morphology, drainage type, interaction with the  watercourse network, and posi‑
tion relative to the landscape. Based on the literature review, key types of interactions 
between the  road network and runoff processes were identified, and the  design 
of  the  road classification framework was developed at two levels: the  basic level 
relied solely on data analysis, while the detailed typology refined the basic level using 
insights from field mapping, but not from measurements of the actual hydrological 
interaction between the road and its surroundings. These methodological limitations 
and the chosen framework are further elaborated in the following sections.

THEORETICAL PRINCIPLES AND 
FOUNDATIONS
The natural hydrological regime of mountain areas arises from the interaction 
of topography, soil properties, vegetation cover, and atmospheric inputs. In its 
natural state, precipitation water partly infiltrates into the soil and flows subsur‑
face, while the remainder runs off on the surface, especially during high-inten‑
sity rainfall and saturated soil profile. This system, however, can be significantly 
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disrupted by linear structures, among which roads play a particularly prominent 
role. Roads affect both surface and subsurface runoff, with the consequences 
of these impacts varying according to the road’s position in the landscape, its 
morphology, surface modifications, and drainage measures.

Intervention in  the  natural terrain  morphology disrupts the  continuity 
of surface water flow. Roads often follow the fall line of a slope or are situated 
in slope depressions, thereby creating preferential runoff pathways. Water run‑
ning off from the surrounding terrain accumulates on the surface of the com‑
pacted or paved road and is conveyed along the  road alignment, or alterna‑
tively in ditches or wheel ruts. Such concentrated runoff is then directed either 
into the nearest watercourse or towards the slope edge, where it may trigger 
erosion processes and destabilise the  soil profile. This phenomenon is often 
referred to as “the function of a road as a surface water collector.” In other situ‑
ations, however, roads may act as distributors – that is, water from the road or 
ditch is dispersed into the surrounding environment, for example by seeping 
into the slope or through transverse drainage features. At points where ditches, 
culverts, or erosion gullies connect directly to the hydrographic network, roads 
function as inflow points that link surface runoff directly to recipients, thereby 
significantly accelerating the catchment response.

Roads also significantly disrupt subsurface water flow. Due to their con‑
struction and use, the subgrade beneath higher-category roads is often heavily 
compacted, which reduces the soil infiltration capacity and redirects water into 
the  surface system. In  addition, natural conductive horizons are interrupted, 
which would normally allow lateral (slope) water flow in shallow soil layers.

Particularly problematic are situations where a road is cut into a slope and runs 
across it, almost or entirely along the contour lines. In such cases, the slope toe 
or the side of the road cut disrupts the natural shallow drainage layers through 
which subsurface flow occurs. Water then emerges at the surface from the dis‑
turbed slope, resulting in the conversion of subsurface runoff into surface runoff. 
The outcome is not only the loss of the slope’s  infiltration function but also an 
increased risk of erosion and accelerated drainage. This mechanism may lead to 
the formation of secondary spring outflows or even to the development of small 
watercourses along road embankments, although under natural conditions no 
surface runoff would occur at all. In  some cases, these effects combine – for 
example, when water accumulates upslope of a  road due to a barrier, increas‑
ing profile saturation and subsequently emerging at the surface as a secondary 
spring outflow, thereby increasing the amount of surface runoff.

The  mechanisms described are supported by numerous studies demon‑
strating changes in the hydrological regime caused by linear structures, a brief 
selection of which is presented in the introduction to this article. On the basis 
of  these hydrological concepts, a classification framework was designed that 
takes into account the mode of  interaction between roads and both surface 
and subsurface runoff. This framework serves as the  foundation for the  road 
network typology, which is described in detail in the following sections.

ROAD NETWORK TYPOLOGY

The  road network typology was defined in  terms of  its potential impact on 
the hydrological regime, considering both surface and subsurface runoff. It was 
designed and tested on the  road network in  the  mountainous environment 
of KRNAP but formulated in a general way so that it could be applied more or 
less anywhere in the Czech Republic, primarily in protected areas. The typology 
was developed based on a combination of digital spatial analyses, field obser‑
vations, and the hydrological principles described in the previous section.

The types of roads evaluated included all roads with the potential to influ‑
ence the direction and volume of precipitation runoff: public roads as defined 
by the Road Act, including the network of local and purpose-built roads; roads 
of categories 1L–4L according to ČSN 73 6108 – Forest Road Network [9]; as well 

as significant hiking trails and other unregistered but mapped paved roads 
leading to buildings or intersecting water conveyance structures.

The proposed typology is applied not to roads as continuous entities, but 
to their homogeneous sections, for example those with a single type of con‑
struction or pavement, or with specific slope characteristics. The primary basis 
for classification is the  road’s  function in  terms of  its ability to interrupt shal‑
low subsurface and surface runoff, followed by its accumulative or conveyance 
function, that is, its capacity to retain runoff or, conversely, to discharge it rap‑
idly into the hydrographic network. Point features for conveying surface water, 
such as small bridges and culverts, are included in the typology only to a lim‑
ited extent due to their low level of mapping and documentation. The detailed 
procedure for dividing the  road network into homogeneous sections is pre‑
sented later in this text, in the Road Network Map section.

Factors for typology classification

The ability of a road section to influence runoff conditions depends on a range 
of factors, which carry different weights in various combinations.

The proposed classification uses the following main factors:

A.	 Affected component of runoff,

B.	 Potential runoff volume (catchment area),

C.	 Potential to influence runoff velocity.

The first factor enters the classification directly as a categorical variable with 
two classes. To represent potential runoff volume, a universal runoff character‑
istic in the form of catchment area was chosen, in an effort to avoid the con‑
siderable uncertainties associated with methods for quantifying runoff from 
mountain and forested areas in unmonitored catchments. The final main fac‑
tor, the potential to influence runoff velocity, in practice depends on a range 
of detailed characteristics; for the proposed classification, the  following were 
selected:

	— presence of longitudinal drainage features,
	— design of road drainage and the occurrence and technical design 

of cross drains,
	— construction of the road embankment with regard to permeability,
	— construction (pavement) of the road surface with regard to permeability,
	— orientation of the road relative to the slope,
	— arrangement of the road’s cross-section relative to the landscape,
	— longitudinal and transverse slope,
	— tructures on the road and their water conveyance methods,
	— alignment or crossing with a watercourse.

Typology levels

The road typology was designed in a structured form with two levels of detail: 
basic and detailed. The  basic level allows for the  classification of  road net‑
work sections solely based on analyses of  commonly available data, while 
the  detailed level provides further refinement of  the  basic typology through 
field surveys and sophisticated data analyses. This two-tiered structure is nec‑
essary given the  extent of  the  road network in  the  study area, which, under 
normal time and personnel constraints, does not permit complete physical 
mapping.
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Basic typology level
This level of road network classification was designed for application solely on 
the  basis of  easily accessible data within  a  GIS environment. It was tested at 
the spatial scale of the entire KRNAP, with a view to its potential use in any other 
area within Czechia. The main data source is the topological network of linear 
road objects as recorded in the ZABAGED database (version 2021). For testing 
the typology, a specialized road network dataset maintained by the KRNAP GIS 

department was used. To determine the average slope characteristics of road 
sections, the DMR4G elevation model was applied, and for identifying extremes 
(peaks and local minima) in longitudinal profiles, the DMR5G model was used.

In the first phase of the study, general criteria were formulated for classifying 
road sections into classes of the basic typology level, separately for surface run‑
off (SR) and subsurface runoff (SSR). These are summarised in Tab. 1.

Tab. 1. Classes of the basic level of road typology and general combination of key characteristics for classification of individual segments

Class Potential impact 
on runoff component Characteristics influencing SR Characteristics influencing SSR 

or conveyance of SSR to SR

A Very high Paved roads, steep longitudinal slope
Significant contributing area, strongly sloping terrain, large 
deviation from fall line (i.e., close to contour-aligned layout)

B High Paved roads, gentle longitudinal slope
Significant contributing area, section on slope (strongly slo‑
ping terrain), in contact with local minimum, moderate devia‑
tion from fall line

C Medium Unpaved surface, steep longitudinal slope
Significant contributing area, section with higher longitudi‑
nal slope

D Low
Unpaved surface with gentle longitudinal slope, paved roads 
with very gentle longitudinal slope

Significant contributing area, other criteria without risk

E Minimal Unpaved surface, approximately contour-aligned layout No contributing area, other criteria not relevant

In the first proposal of the basic typology level, the existence of longitudi‑
nal drainage features and the  terrain  configuration (the  position of  the  road 
relative to the surrounding landscape) were also considered as key characteris‑
tics. Although these characteristics cannot be derived from commonly availa‑
ble data, within the framework of the project, procedures for analysing detailed 
DTMs obtained using airborne LiDAR techniques were tested, which have 
become increasingly accessible in  recent years. For the  analysis of  pilot sites 
selected within the project, a DTM from 2012 with a 1 m resolution, provided by 
KRNAP, and a DTM with a 50 cm resolution acquired using UAVs were available. 
In both cases, the products were derived from laser scanning. Approximately 
20 cross-sections were analysed at two sites; an example from the site below 
Špindlerovka, including the locations of the analysed profiles, is shown in Fig. 1.

Analyses of  the  obtained cross-sections proved to be conditionally useful 
for obtaining information on the terrain configuration of a road section, or on 
longitudinal drainage structures. Fig. 2 shows arguably the clearest of the ana‑
lysed cross-sections at the pilot site below Rennerovky. On the 1 m resolution 

digital model, road ditches are mostly indistinguishable, whereas at higher 
resolution they are generally identifiable. However, it is often difficult to iden‑
tify them amidst the noise caused by remnants of elevation data processing. 
The terrain configuration of the road was generally satisfactorily visible even on 
the less detailed 1 m model, whereas the standard 2 m DMR5G model published 
by the Czech Office for Surveying, Mapping and Cadastre (ČÚZK) was insuffi‑
cient for this purpose.

In general, a significant problem was encountered with georeferencing aerial 
data in forested areas and with filtering the captured point clouds. The analysis 
was further complicated by the  positional accuracy of  the  road network lines, 
which was already insufficient for this purpose, even in  the  case of  the  cor‑
rected map dataset from KRNAP, which generally exhibited higher accuracy than 
the ZABAGED positional data. Automating the process of generating cross-sec‑
tions and identifying longitudinal drainage features from detailed DTMs proved 
to be unrealistic, and manual analyses were inefficient compared with a simple 
field survey. For these reasons, the  characteristics of  terrain  configuration and 

Fig. 1. Orthophoto (left) and detailed DTM (right) derived from UAV data; cross-sections in red are used for testing the identification of roadside drainage features
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the presence of longitudinal drainage features were not used for the basic typol‑
ogy level of the road network and were instead assigned to the detailed level.

The following six characteristics were used for the final classification of road 
sections according to the basic typology level:
Z – Paved/unpaved road (1/0),
M – Connection to a  local minimum or crossing with a  watercourse 
YES/NO (1/0),
S – Average longitudinal slope of the section (%),
D – Deviation of the road from the fall line (0°–90°),
T – Transverse slope of the terrain around the section (%),
W – Contributing sub-catchment area (ha).

For the application of the basic typology level in the creation of the KRNAP 
Road Network Map, the  classification key from Tab.  2 was used. The  threshold 
values of  the criteria and their combinations for classifying road sections were 
based on a frequency analysis of the occurrence of individual parameter values 
across KRNAP and may therefore be influenced by the  specific characteristics 
of this area. When applying the typology in other regions, it is advisable to carry 
out a similar frequency analysis and, if necessary, adjust the threshold values for 
class boundaries. However, any modification of the combinations of criteria used 
should be based on a significant objective reason, such as the absence of cer‑
tain data (for example, information on road surface characteristics may be una‑
vailable). The basic typology level of the road network is designed as an explicit 
combination of the potential to influence both components of direct runoff, for 
instance B/C. By incorporating factors identified through detailed field surveys, 
it can be extended to the  detailed level. The  application of  the  typology and 
the presentation of results are addressed in the Road Network Map section.

Tab.  2. Combinations and values of  characteristics for classifying road segments 
according to the basic level of typology

Potential to influence 
surface runoff

Potential to influence subsurface 
runoff or conveyance to surface 
runoff

A Z = 1; S ≥ 10 % D > 70°; T > 20 %; W > 0,5 ha

B Z = 1; 4 % ≤ S < 10 % M = 1; 50° < D ≤ 70°; T > 20 %; W > 0,5 ha

C Z = 0; S ≥ 10 % Not A+B; S > 10 %; W > 0,5 ha

D
Z = 1; S < 4 % OR
Z = 0; 4 % ≤ S < 10 %

Not A+B+C; W > 0,5 ha

E Z = 0; S < 4 % W ≤ 0,5 ha

Detailed typology level
Building on the  basic typology level of  the  road network, which reflects 
the potential to influence runoff characteristics in the affected area, the detailed 
level provides a  more in-depth analysis of  the  impact on runoff conditions 
in individual cases. It supplements the basic typology level with road network 
characteristics that, given the current state of available data, can only be deter‑
mined through field surveys.

For the detailed survey in KRNAP, five pilot sites were designated. The survey 
was conducted from July to November 2022 and was slightly supplemented 
in 2023. Data were collected using the open mobile application QField based on 
QGIS technology, which allows simultaneous data collection by multiple per‑
sonnel and subsequent synchronization. After two initial adjustments, the data 
model for collection was finalised as three separate point layers according to 
Tab. 3, with photographic annotations. The categories of individual characteris‑
tics are not provided here; following the formal completion of the above-men‑
tioned project (no. TITSMZP945), they will be accessible in  full in  the  results 
report V1 – Road Network Typology.

Tab. 3. Point data layers for field data collection and recorded characteristics

Designation Layer name Recorded characteristics

A
Water conveyance 
structures

Structure type, Inlet shape, Outlet 
shape, Dimensions, Material, Photo

B Characteristic points
Road class, Slope, Terrain configu‑
ration, Longitudinal drainage, Cross 
drainage, Surface, Photo, Damage

C Specific points
Point type, Forest road accessory, 
Inflow obstruction, Photo

During the  development of  the  basic typology level, or its application to 
the map, road network sections and nodal points were defined. For the pur‑
poses of  applying the  detailed typology, this division is supplemented by 
significant specific points of  type C (Tab.  3) identified during the  field survey 
(e.g., the end of a longitudinal drainage feature, a change in surface type, etc.). 
The  detailed characteristics recorded at the  corresponding type B points are 
then assigned to the resulting road sections. From the recorded characteristics, 
four were selected and adopted as the criteria for the detailed typology level 
according to Tab. 4.

Fig. 2a, b. Cross-section of a road (right) derived from DTMs based on LiDAR scanning with 1 m resolution (red, KRNAP Administration) and 50 cm resolution (blue, CTU) for testing 
the identification of road terrain alignment and roadside drainage features; photograph of the actual condition from a field survey (left)
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Tab 4. Criteria of the detailed level of road typology

Criterion Category

Cross drainage With cross drainage, without cross drainage

Longitudinal drainage Without longitudinal drainage, with unpaved longitudinal drainage, with paved longitudinal drainage

Terrain configuration On surface, in excavation, on embankment, combined on embankment/excavation

Road surface Unpaved surface, permeable wearing course, discontinuous paving, continuous paving with impermeable wearing course

It is evident that the  individual criteria are interrelated to varying degrees, 
and therefore the  final assessment of  their impact on surface or subsurface 
runoff must necessarily be based on all criteria simultaneously, which requires 
a  certain  level of  expertise in  runoff processes and hydrology in  general. 
The  effects on individual runoff components, as well as guidance for evalu‑
ating roads according to these criteria, are provided in  the  forthcoming pro‑
ject results prepared for publication: V1 – Road Network Typology and V3 – 
Methodology for Recommendations on the Construction of New and Modification 
of Existing Roads with Regard to Minimising Surface Runoff (hereinafter referred to 
as the Methodology). These criteria were applied and graphically represented 
in result V2 – KRNAP Road Network Map, the derivation of which is described 
in the following section of this text.

ROAD NETWORK MAP

As the  second required output of  the  project mentioned in  the  introduction, 
the KRNAP Road Network Map (hereinafter referred to as the Map) was created, 
applying the  road network typology to assess its influence on the  hydrologi‑
cal regime of the area. It was published in the form of three cartographic atlases. 
The first covers the entire KRNAP area, applying the basic typology level of the road 
network, while the remaining two expand the basic level with detailed typology 
criteria for the five pilot sites, allowing a more detailed assessment of the poten‑
tial to influence subsurface and surface runoff. The Map is intended primarily as 
one of  the  key resources for selecting locations suitable for implementing res‑
toration measures and actions to reduce the  negative impacts of  the  road net‑
work on the  runoff regime within  the  National Park. In  addition, together with 
the Map’s accompanying documentation and Methodology, it is intended to serve 
future authors of similar studies in other Czech protected areas as a methodologi‑
cal guide and example for applying the Road Network Typology and assessing road 
network hydrological impacts. A brief description of the Map creation methodol‑
ogy follows; the full version will be provided in the accompanying documentation, 
which is scheduled for publication soon together with the Map.

Input data

The primary basis for creating the Map was the linear layer of the road net‑
work provided by KRNAP, which was preferred over ZABAGED data due to its 
higher positional accuracy and more extensive attribute set. Since not all pro‑
tected areas in Czechia, where the developed methodology was intended to be 
applied, have access to a similarly detailed dataset, the map creation was also 
successfully tested on the positional layers from ZABAGED, specifically by com‑
bining the following layers:

	— Roads, motorways,
	— Unregistered roads,
	— Streets,
	— Paths.

The last-mentioned category, Paths, should ideally be distinguished in the final 
linear layer according to available detailed attributes. Since 2024, the original clas‑
sification of  Paths as paved/unpaved has been replaced by a new division into 
Maintained/unmaintained paths. Within the project, the nature and impacts of this 
change could not be analysed or assessed in detail. The above-mentioned linear 
layers should ideally be supplemented with data on the classification of the forest 
road network, which should be available from its administrator.

Digital terrain models DMR4G and DMR5G, as well as the Watercourse layer from 
the ZABAGED positional data, were also used in creating the map. For the appli‑
cation of the detailed typology level, the point layers of characteristic and specific 
points from the field survey described in the previous section were employed.

Methodology for creating the map 
at the basic typology level

Before assigning characteristic values for classifying roads according to the pro‑
posed typology, it was first necessary to divide the  linear road elements into 
segments that were homogeneous in terms of alignment and elevation, road 
surface, and approximate length. This segmentation was carried out in  sev‑
eral steps, which are briefly summarised here; the  full procedure is provided 
in the accompanying Map documentation.

The  first essential step was to correct the  topology of  the  lines so that 
they were broken at the  road network nodes. Overlaps and incomplete lines 
are undesirable. Pseudo nodes – i.e., the junction of two linear elements – are 
allowed only at locations where an attribute key to the classification of the seg‑
ment according to the  typology changes (in  this case only a change in  road 
surface). In the base layer provided by KRNAP, these rules were broken in sev‑
eral hundred instances and had to be semi-automatically removed. When 
using ZABAGED positional data, the  topology of  the  resulting network must 
be cleaned according to these rules after merging the specified linear layers.

Division at locations of alignment breaks
Sharp changes in  alignment and curves are frequent locations for changes 
in  several road characteristics – longitudinal slope, configuration relative to 
the  terrain, the  presence of  longitudinal drainage features, and others. Since 
standard GIS tools are unable to identify these points on linear features, cus‑
tom analytical scripts were developed in the R project environment for this pur‑
pose. In the first step, sharp alignment breaks were identified where adjacent 
vertices formed an angle of less than 100°; in Fig. 3, such a break is marked with 
a red triangle. In the second step, sharp curves – represented in the linear data 
by a series of very short segments – were identified. For this purpose, each line 
was approximated using points at a constant spacing of 15 m, and an empirical 
threshold of 120° was applied to adjacent points; in Fig. 3, the sharp curves are 
indicated by circles, with colours reflecting their significance. For the final divi‑
sion of the lines, points that were too close to each other or located near road 
network nodes were filtered out, as these could otherwise have caused unde‑
sirable fragmentation of the road network.
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Fig. 3. Sharp break point (red triangle) and three prominent curves (orange and yellow 
circles) as split points of the access road to Tetřeví boudy

Crossing watercourses
It is advisable to split road lines at the point where they cross a watercourse, 
as such locations often (though not always) involve a  change in  elevation. 
The  connection of  a  segment to a  watercourse, or to a  local elevation mini‑
mum, is also one of the characteristics used for the classification of segments 
according to the proposed typology. However, junction nodes of the road net‑
work (intersections) are often located close to crossings, and in such places it 
is undesirable to split segments, as this would lead to excessive fragmentation. 

In the wider area of KRNAP, more than 2,700 intersections with surface sections 
of watercourses were identified but, after filtering out unsuitable points, fewer 
than half of them were used.

Identification of elevation extremes
To ensure correct calculation of  slope parameters, it is necessary to divide 
road lines at local elevation extremes. Since standard GIS tools do not allow 
for the  identification of  these locations, custom analytical procedures were 
again developed and tested in the R project environment.

For the identification of optimal tool settings, points were generated along 
each road segment in four spacing variants (2, 5, 10, and 20 m) and assigned ele‑
vation values from DMR5G. At each point, its elevation was assessed in the con‑
text of the two neighbouring points, and local maxima and minima were indi‑
cated according to the  required elevation difference threshold (five variants 
ranging from 10 to 150 cm). The  extremes were then classified into six levels 
of significance based on their height or depth, as well as their width and conti‑
nuity of slope (presence of inflection) in the evaluated surroundings.

To verify potential errors in  the alignment of  roads, the same analysis was 
repeated for parallel lines on both sides of the roads at offsets of 5 and 10 m. 
Automatically generated longitudinal profile graphs were systematically sub‑
jected to visual inspection in  groups, one of  which is shown in  Fig.  4. This 
approach confirmed sufficient accuracy of  the  alignment of  road lines com‑
pared with their parallel offsets. An offset of  10 m and an elevation threshold 
of  70 cm proved optimal for constructing longitudinal profiles. Finally, points 
located close to road network nodes were removed, and the  occurrence 
of nearby opposite extremes was corrected.
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Fig. 4. Example of longitudinal profiles of the road section axis (left) and two equidistant lines at an offset of 5 and 10 m (centre and right), along with identified local elevation 
extremes. The profiles were derived from points with 10 m spacing, with a vertical threshold of 70 cm used to indicate significant extremes

Segmenting by length and determining segment characteristics
After accounting for directional changes, watercourse crossings, and eleva‑
tion extremes, the  resulting road segments were divided into 200 m lengths. 
This completed the  homogenization of  road network segments, after which 
the  segment characteristics were calculated for the  application of  the  typol‑
ogy. The  average slope of  each segment was derived from DMR5G along 
the road lines. From a smoothed DMR4G raster, a slope raster was generated, 
and within a 20 m buffer zone around the segment axes, the average slopes 
of the surrounding terrain were evaluated. A more detailed DMR5G is not suita‑
ble for this purpose, as it also captures the elevation characteristics of the road 
itself, such as cuttings or roadside ditches. For the  same reason, DMR4G was 
also used to derive the  contributing areas (micro-catchments) of  road seg‑
ments. A simplifying assumption of complete interruption of runoff by the road 
was adopted, since the  actual capacity of  a  road to retain  runoff cannot be 

determined without a  detailed field survey. To derive the  contributing areas, 
a complex procedure was developed, which involved removing the road axes 
and surface watercourses from the DMR and expanding the raster representa‑
tion of the roads. A detailed description of this procedure is beyond the scope 
of this article.

Application of the basic typology level and map production
Using database processing tools, values of characteristics determining the sig‑
nificance of  each road segment for influencing surface and subsurface run‑
off were assigned to vector road segments according to the developed Road 
Network Typology. After classifying each segment into combined categories 
(SR and SSR), the  final Map for the  entire KRNAP area was produced. Given 
the extent and level of detail of the information displayed, the Map was organ‑
ised as an atlas of map sheets at a scale of  1 : 25,000. The potential influence 
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on SR is indicated by variable line thickness, while the potential influence on 
SSR  is shown using a  simple accompanying label. An example map sheet is 
shown in Fig. 5.

Impact on SR
A
B
C
D
E

A
B
C
D
E

Impact on SSR

Fig. 5. Excerpt of the Road Network Map with the applied basic level of typology 
showing the potential impact on runoff components

Methodology for producing the detailed typology level map

The detailed typology level map of the road network expands the basic level map 
by incorporating insights from field surveys, specifically the  characteristics listed 
in Tab. 4. These and other road characteristics were collected and compiled into 
three point layers, including photographic annotations, which can be appro‑
priately displayed using standard GIS tools, although displaying multiple photo‑
graphic attachments per point in ArcGIS Desktop posed a considerable challenge. 
The collected points naturally did not match in density the derived segmentation 
of the road network created during the production of the basic level map. Similarly, 
the  points were generally not located directly on the  line of  the  road segment, 
either due to inaccurate GPS positioning in forested mountain areas, errors in point 
placement, or even the absence of the road line in the map base. Therefore, a series 
of preparatory steps had to be undertaken before applying the detailed typology.

Harmonization and completion of survey data
The quality and completeness of the attributes in the field survey points is cru‑
cial for successful application of the detailed typology to road segments. Due to 
differences in mapping strategies among individual field workers, for the “cross 
drainage” characteristic, just over 1,000 of nearly 2,600 points contained either 
no information or only the category “other”. Missing characteristics had to be 
completed using the  collected photo documentation or, where appropriate, 
validated against neighbouring points. In addition to filling in missing attrib‑
utes, the consistency of characteristics assigned by individual field workers was 
spot-checked and corrected to remove subjective bias, for example in the case 
of the road’s configuration relative to the surrounding landscape.

Assignment of points to road segments
The positions of points collected during the field survey using GPS were sub‑
sequently corrected and linked to the corresponding road segments. GPS posi‑
tional deviations of the points relative to the road centreline in the map dataset 
ranged from a few metres up to several tens of metres. Although in many cases 
there was evidence of errors in the map base, in order to maintain consistency 
with the  original data provided by the  KRNAP Administration, the  road lines 

were not corrected; instead, the recorded points were automatically moved to 
the nearest position on these lines. Following testing of various values, a dis‑
tance of 20 m was chosen as the maximum threshold for moving a point. Points 
beyond this threshold had to be assigned manually or completely excluded 
to avoid, for example, assigning a point that characterises a road not recorded 
in  the  map base. A  thorough visual inspection and correction of  incorrectly 
assigned points was necessary, particularly in the areas of junctions.

Additional segmentation and transfer of characteristics
Some road network characteristics included in  the  detailed typology can 
change abruptly, such as surface type or longitudinal drainage, and it is nec‑
essary to split the  assessed road segment at these points of  change. A  sub‑
set of  specific points from the  field survey was used for this segmentation. 
The recorded vertical alignment break was checked with respect to the prox‑
imity of a network node or a local extreme identified from the DTM. Changes 
in surface type or longitudinal drainage were verified using the photo docu‑
mentation and surrounding characteristic points. In total, around 130 road seg‑
ments underwent additional segmentation.

Based on spatial coincidence, the road segments were then to be assigned 
attributes from the  layer of characteristic points. Prior to this, however, it was 
necessary to check segments with multiple characteristic points assigned. 
The number itself is not fundamentally an issue if the points contain identical 
characteristics. Thanks to its easy identification in the field, the cleanest attrib‑
ute was the  type of  surface. On the  other hand, the  most problematic char‑
acteristic was terrain  configuration (over 100 ambiguous assignments), since 
these changes in the field are always rather gradual and no specific-point cat‑
egory had been established for them. After checking the consistency of these 
data using photo documentation, the  road network was finally additionally 
split approximately halfway between two points with differing characteristics. 
Subsequently, road segments were assigned the attributes from the character‑
istic points.

Longitudinal drainage

0

1

Fig. 6. Diagram of transferring the roadside drainage attribute to adjacent segments, 
taking into account specific points (purple crosses) marking changes in the roadside 
drainage system; green triangles indicate characteristic points

The final step involved addressing segments without a corresponding char‑
acteristic point. Their number depends on the density of points collected during 
the field survey. A typical example of the situation after projecting points onto 
road segments is shown in Fig. 6. For empty segments, attributes from neighbour‑
ing segments were transferred iteratively (forward/backward), provided that no 
specific point indicated a change in the given attribute between them.
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Application of the detailed typology level and map creation
The  map with the  detailed typology level similarly builds on the  basic-level 
map and complements it with an appropriate representation of  the detailed 
typology criteria. The detailed map was designed as a set of two cartographic 
atlases: one for the subsurface component of runoff and the other for the sur‑
face component. The  graphic design consists of  a  clear combination of  line 
thickness (representing the  potential influence on the  runoff component 
from the basic typology level), a colour code expressing terrain configuration 
as a key factor affecting the hydrological regime, and accompanying symbols 
to depict the  remaining characteristics of  the detailed typology. The  result is 
shown in Fig. 7.

Potential for drainage (SR) Terrain configuration Surface type Drainage elements

RE1

A
B
C
D
E

Above level
Embankment 
+ excavation
Below level
Surface

Cross drainage

Longitudinal 
drainage

Continuous paving
Discontinuous paving
Unpaved surface 
(no symbol)

Fig. 7. Example of applying detailed typology to the road network in the Rennerovky 
pilot area

CONCLUSION

Linear elements in the landscape, and particularly the road network, have a sig‑
nificant potential to influence water runoff from an area. Under specific condi‑
tions, this influence can be positive; however, it generally tends to accelerate 
water runoff, which is usually considered undesirable. The project, the selected 
results of which are presented in this text, aimed primarily to provide the data 
and tools needed to identify problematic sections of the road network and to 
minimise their undesirable effects, which lead to accelerated water runoff from 
areas under special nature protection. The presented typology and methodol‑
ogy for its application to map outputs will assist in identifying such problematic 
locations, at two possible levels of detail – the basic level, relying solely on avail‑
able map data, and the detailed level, utilising results of field surveys focused 
on a set of clearly defined road characteristics. The derived maps can serve as 
a basis for selecting and prioritising road sections in protected areas that are 
suitable for the implementation of mitigation measures, or even for the com‑
plete removal and restoration of  a  road. The  principles of  such measures are 
addressed in another output of the aforementioned project – the Methodology 
for Recommendations on the  Construction of  New and Modification of  Existing 
Roads with Regard to Minimising Surface Runoff – which is scheduled for publi‑
cation by the end of 2025. Together, these outputs provide managers of natural 

areas – whether under strict or general protection – with tools to better recon‑
cile human interests in accessing the landscape with the protection of its nat‑
ural runoff processes.
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