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Abstract

Over time, roads have become an important study object. Several studies were carried out to understand the importance of roads on the 
hydrogeomorphological dynamics on hillslopes and watershed. Nonetheless, new gaps and new research methods emerged as research 
progressed on this subject. Therefore, to understand the evolution and new challenges of research on roads, a bibliographic review 
was prepared based on 300 articles searched in the Scopus platform considering the last two decades (2001–2010 and 2011–2020). 
We use keywords that refer to roads in the search field, e.g., soil erosion on roads, delivery rate, bank, rails, highways, abandoned 
roads, and road rehabilitation. The data were tabulated and separated according to the following themes: data collection method, study 
purposes, road types, and geographic location. Our main conclusions were a) in the 2000s, around 60% of surveys were carried out on 
unpaved roads and rural roads, mainly in roadbed features; b) In the 2010, occurred a decentralization on the research on rural roads 
from mainstream countries as US and Australia to Latin American countries e.g., Brazil and Middle East e.g., Iran; c) the studies in 
emerging countries, mostly tested known research methods in different landscapes of tropical climate; d) a new research perspective in 
recent decades have emerged, focusing on the influence of roads on the landscape’s dynamics. Finally, roads are recognized as a human-
made landscape signature and studies about nature and biodiversity conservation, particularly at watershed scale, must considered this 
anthropogenic feature.
Keywords: Bibliometry; Land use change; Fragmentation of the landscape

Resumo

Com o tempo, as estradas se tornaram um importante objeto de estudo. Vários estudos foram realizados para compreender a 
importância das estradas na dinâmica hidrogeomorfológica em encostas e bacias hidrográficas. No entanto, novas lacunas e novos 
métodos de pesquisa surgiram à medida que as pesquisas avançavam sobre o assunto. Portanto, para compreender a evolução e os 
novos desafios da pesquisa em estradas, foi elaborada uma revisão bibliográfica com base em 300 artigos pesquisados ​​na plataforma 
Scopus considerando as duas últimas décadas (2001-2010 e 2011-2020). Usamos palavras-chave que se referem a estradas no campo 
de pesquisa, por exemplo, erosão do solo em estradas, taxa de entrega, banco, trilhos, rodovias, estradas abandonadas e reabilitação 
de estradas. Os dados foram tabulados e separados de acordo com os seguintes temas: método de coleta de dados, objetivos do estudo, 
tipos de estradas e localização geográfica. Nossas principais conclusões foram a) na década de 2000, cerca de 60% dos levantamentos 
foram realizados em estradas não pavimentadas e rurais, principalmente em características de leito de rodovias; b) Em 2010, ocorreu 
uma descentralização na pesquisa em estradas rurais de países tradicionais como EUA e Austrália para países da América Latina, por 
exemplo, Brasil e Oriente Médio, por exemplo, Irã; c) os estudos em países emergentes, em sua maioria testados métodos de pesquisa 
conhecidos em diferentes paisagens de clima tropical; d) uma nova perspectiva de pesquisa nas últimas décadas tem surgido, com foco 
na influência das estradas na dinâmica da paisagem. Por fim, as estradas são reconhecidas como uma assinatura da paisagem feita pelo 
homem e os estudos sobre a conservação da natureza e da biodiversidade, principalmente na escala de bacias hidrográficas, devem 
considerar essa característica antropogênica.
Palavras-chave: Bibliometria; Mudança no uso da terra; Fragmentação da paisagem
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1  Introduction 
Roads emerged from the evolution of carriers, paths 

and trails, which are introduced into the landscape. Roads are 
part of human history and are currently ubiquitous elements 
on the planet. These paths were often opened to give access 
to remote locations, to allow the flow of production. With 
increasing population demand in recent decades, new 
roads were opened (Bochet, Garcia-Fayos & Tormo 2010). 
However, many of these roads were opened without proper 
planning, increasing environmental problems. Over time, 
different approaches to hydrogeomorphological processes 
have been researched on roads, including the interaction 
between geomorphic processes (Wemple, Swanson & 
Jones 2001), hydrogeomorphological response (Thomaz 
& Ramos-Scharrón 2015), soil erosion (Ramos-Scharrón 
2021), delivery rate between slopes and river channel 
(Benda et al. 2019; Thomaz & Perreto 2016), changing 
landscape water dynamics (Navarro-Hevia et al. 2015), 
river pollution (Colyer, Hoque & Fowler 2020), and increase 
river discharge (Kalantari et al. 2017), subsurface flow 
intercepted by rural roads (Cunha & Thomaz 2017), and 
traffic impact on soil loss (Antoneli & Thomaz 2016).

At the watershed level, roads play an important role 
in hydrogeomorphological dynamics and in the connectivity 
of slope sediments with rivers. From the opening of a 
new road, changes occur in the hydrogeomorphological 
processes at the opening sites and along the slopes 
(Wemple, Swanson & Jones 2001). Road soil compaction 
leads to water infiltration at very low levels (Yu et al. 
2021), increasing runoff and sediment production (Cao, 
Wang & Liu 2021). 

These changes in hydrogeomorphic processes can 
increase the rate of sediment delivery to streams (Yousefi 
et al. 2016), and deteriorating water quality (Nosrati & 
Collins 2019). The hydrogeomorphological processes 
refer to the interrelationship between hydrological and 
geomorphological processes acting in hydrographic basins 
(Sidle & Onda 2004), however, this interaction occurrence 
is not clear yet (Goerl, Kobiyama & Santos 2012).

Several reviews are found in the literature on the 
influence of roads on landscape dynamics, including soil 
erosion models (Fu, Newham & Ramos-Scharrón 2010), 
ecological issue (Cohen et al. 2021; Tiwari & Rachlin 
2018), evolution of techniques of erosion control (Seutloali 
& Beckedahl 2015), delivery rate (Croke & Hairsine 
2006), reduced sediment production (Burroughs & King 
1989), remote sensing (Wang et al. 2016), heavy metals 
connectivity between highways and rivers (Schuler & 
Relyea 2018), rural road geometry (Roussiamanis et al. 

2013), road paving (Bryce et al. 2017) and impact of roads 
on hydrological processes (Kastridis 2020), among others.

However, in recent decades, little has been discussed 
about the evolution and trends in research on highways 
around the world. In this context, the use of bibliometric 
research techniques is a form of integrated analysis of 
publications related to roads, in addition to allowing 
the assessment of emerging trends in road research and 
addressing possible research gaps.

Therefore, the objective of this article is to evaluate, 
through bibliometric analysis, how research has been on 
the hydrogeomorphological processes in roads in the last 
two decades (2001-2010 and 2011-2020) according the 
items: a) what data collection methods have been used, (b) 
what types of roads have received the most attention, (c) 
what are the methods for preventing and controlling land 
degradation in this time period, (d) what are the trends 
in future research on roads, and (e) what are the possible 
knowledge gaps to be considered in the future on roads. 
The bibliometric studies, which synthesize and discuss 
the scientific production of a given topic, significantly 
contribute to increasing the relevance and rigor of new 
research, in addition to supporting research decisions and 
project development (Romanelli et al. 2018).

2  Methodology
To analyze the evolution of research on roads in 

the last two decades, it was conducted a search for articles 
related to the topic on the Scopus platform. For this, it was 
used keywords that refer to roads in the search field, e.g., 
soil erosion on roads, sediment connectivity, ravines, rails, 
highways, abandoned roads, and road rehabilitation. A total 
of 150 articles published between 2001 and 2010 and 150 
articles published between 2011 and 2020 were selected, 
totaling 300 articles for analysis.

The articles were tabulated and identified in relation 
to the data collection method (natural rain, simulated rain, 
or modeling) and types of roads, which have been divided 
into unpaved rural roads, paved rural roads (additional layer 
of gravel), forested roads, highways, road bank, trails, and 
abandoned roads (Figure 1). Trails refer to paths that do not 
receive constant traffic. Among them, it was highlight paths 
inside agricultural areas and forest trails to remove wood. 

The objectives of these research were also identified, 
including soil erosion on roads, bank erosion, connectivity 
of road sediments with rivers, environmental impact of the 
opening of roads, and erosion control techniques. Finally, 
the VOSviewer software (Van Eck & Waltman 2013) was 
used to temporarily represent the bibliographic production 
on roads according to countries and indexed terms.
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3  Results and Discussion

3.1  Evolution of Road Researches

The first research that were carried out under the 
influence of roads on landscape dynamics and delivery 
rate were based on the observations of Gilbert (1917), who 
recognized the role of roads as a source of sediments in 
Sierra Nevada, USA. However, research on the influence 
of roads on altering landscapes began in the 1950s. These 
researches appeared to assist in planning land use, aiming to 
decrease its degradation process (Navarro-Hevia et al. 2015).

Later, Hooven (1952) observed that the opening 
of roads for the cutting of wood affected the water quality 
because the opening of these roads caused disturbance in 
the soil. From then on, studies were carried out with the 
objective of understanding the dynamics of roads in the 
slopes and hydrographic basins until culminating recently 
with the influence of roads in the landscape. There is a 
gradual expansion of scale regarding the effect of roads 
(Figure 2).

In the 1970s and 1980s, researchers started observing 
roads as an important source of sediment in river basins. 
During this period, some research was carried out with 
the objective of identifying the influence of roads in 
different aspects, including soil erosion (Swanson & 
Dyrness 1975), sediment sources (Dunne 1979), use of 
road surface vegetation to reduce erosion (Monsen 1974), 

use of techniques to reduce roadbed erosion (Kidd & 
Kochenderfer 1973), influence of traffic on soil erosion 
(Reid & Dunne 1984), and addition of gravel layer to reduce 
erosion (Kochenderfer & Helvey 1987), among others.

In the 1990s, research on roads was intensified, 
covering several types and segments of roads, such as 
unpaved rural roads (Ramos-Scharrón 2010), gravel 
roads (Dacoregio et al. 2019), highways (Dong, Zhang & 
Guo 2012), and trails (Vinson et al. 2017). Currently, the 
hydrogeomorphological studies of roads are changing from 
empirical and physical studies related to surface runoff 
and sediment production at the scale of the terrain and the 
road segment to studies of sediment transfer at the river 
crossing level (Kastridis 2020).

In the mid-1990s, there was little research that 
aimed at quantifying soil erosion in specific sections of 
the road to assist in assessing its impacts (Elliot, Foltz 
& Luce 1995). When the loss of soil was noted and the 
factors interfering with these losses became known, the 
modeling emerged as a new research gap in soil erosion 
on roads (Cao, Wang & Liu 2021).

Soil erosion models range from simplified procedures, 
such as the Universal Soil Loss Equation (USLE) and the 
Revised Universal Soil Loss Equation (RUSLE) (Seutloali 
& Beckedahl 2015), to more complex methods that require 
a series physical and morphological parameters, such as 
the Water Erosion Prediction Project (WEPP) (Oliveira, 
Wendland & Nearing 2013). USLE and RUSLE calculate 
the average annual soil loss caused by rill and inter-rill 

Figure 1 Types of roads. A. Unpaved rural road; B. Rural roads with gravel; C. Forest road; D. Road bank; E. Rails; F. Abandoned roads. 
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multiplying natural and anthropogenic factors. However, 
the use of this model is generally based on erosion rates in 
the landscape and may indicate different soil erosion rates 
when comparing road parcels (Riedel & Vose 2003).

The WEPP model was developed to provide a spatial 
and temporal distribution of soil loss (Baird et al. 2012). This 
model indicates a better adjustment in the estimate of soil 
loss on roads since it includes some characteristics of the 
road, such as road surface, cut slope, ditch, and embankment 
slope, among others (Cao et al. 2013). These characteristics 
are modeled separately, and they are defined as different 
elements of surface flow with unique parameters of soil and 
vegetation assigned (Fu, Newham & Ramos‑Scharrón 2010).

The application of these models to estimate the 
rates of soil loss on roads may indicate problems, such 
as overestimation of erosion (Ou et al. 2021). Models 
were often developed based on data derived from the 
edaphoclimatic conditions of the United States or Europe, 
and the application of these models in different climatic 
and management conditions in other regions has leveraged 
new research applied to roads. As a result, other gaps were 
opened, such as delivery rate (Bilby, Sullivan & Duncan 
1989; Jacobson & Primm 1997), alteration in the aquatic 
habitat (Goode, Luce & Buffington 2012), ecological effect 
(Forman et al. 2003), change in river flow (Jones & Grant 
1996; La Marche & Lettenmaier 2001), connectivity of 
unpaved roads to rivers in urbanized areas (Nelson & 
Booth 2002), use of the fingerprinting technique (Collins & 
Walling 2002; Melquiades et al. 2019) and tracers (Thomaz 
& Melquiades 2009), both used to identify sources of 
sediment in river basins.

In the last decade (2011–2020), research began to 
emphasize the influence of on landscape fragmentation 
(Ibisch et al. 2016) and ecosystem services (Xu et al. 2020). 
In this context, the road was started to be studied as an agent 
that transforms landscapes. Additional current topics include 
infrastructure works, slope management, and restoration of 
vegetation on the roadsides. These techniques are efficient 
in reducing sediment production (Henderson, Smith & Fitch 
2016) and in making decisions for opening new roads.

As research on roads has progressed, new pers-
pectives have emerged with the opening of new research 
gaps. When roads were started to be important sources 
of sediment, investigations were intensified, to the point 
that soil erosion and its connectivity with rivers became 
popular. However, research on soil erosion and on-site 
connectivity requires greater effort to monitor variables. 
With the repository of information about soil erosion on 
roads, there was an intensification of the application of 
models that were useful in predicting and evaluating soil 
losses in road erosion (Yu et al. 2021).

From the application of models, it appears that the 
erosion of roads and their connectivity become clearer, and 
roads are then considered an integral part of the landscape 
(Ibisch et al. 2016). New insights have emerged, which 
were mainly related to water quality (Lane & Sheridan 
2002), ecosystem services (Phillips et al. 2019) and ecology 
(Wang, Liu & Pang 2021). Therefore, nowadays roads are 
an important element in the dynamics of the landscape, 
due to its spatial representativeness and for causing soil 
degradation, aquatic ecosystems contamination, and 
landscape fragmentation.

Figure 2 Simplified evolution of research on roads and related topics. 
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3.2  Geographical Distribution of Road Surveys 
in the Past Two Decades

Due to the large number of researches on 
hydrogeomorphological processes on roads in the last 
two decades (4.3 times higher than the previous two 
decades) (Figure 3), it is observed that there was a 
more detailed understanding of the potential of roads 
to cause environmental degradation. It is estimated that 

approximately 1.5% of the Earth’s surface is affected by the 
impacts of roads, which can degrade the landscape, fragment 
habitat (Avon et al. 2010), alter ecological flows (Sitzia, 
Campagnaro & Grigolato 2016) and increase erosion, 
indirectly affecting almost 25% of the planet (Cheng et al. 
2015). Through the functions that roads have, and the rapid 
economic and population growth, it is estimated that by 
2050 about 1–2 million km of roads will be opened every 
decade to meet social and economic demands (Faiz et al. 
2012). Moreover, it is estimated that at least 25 million 
km of new roads are expected by 2050 around the world, 
accounting to an increase of 60% in the total of roads in 
relation to the 2010s (Laurance et al. 2014). The increased 
opening of new roads becomes an ecological threat to 
habitats, through soil losses (Cao et al. 2013), various forms 
of pollution (Leonard & Hochuli 2017), contamination 
of water resources (Zhang et al. 2021), both leading to 
landscape degradation (Martín et al. 2016).

Most research on environmental impacts on roads is 
focused on temperate countries. Among them, the United 
States and China stand out, which have become references 
in research on the topic (Figure 3). The variations in the 
number of surveys between countries interfered with the 
distribution between continents. Asia had 116 articles in the 
interstice (38 .6%), and North America had 87 articles (29%), 
followed by Europe (12.3%) and South America (10.3%). 
In other continents, the contribution was less than 5%.

In the 2000s, the largest number of researches 
(33.7%) analyzed in this article were carried out in the 
United States, while 20% of researches were carried out 
in China (Table 1). Of the total articles researched, only 
18% (27 articles) were developed in tropical countries, with 
44% (12 articles) being carried out in Brazil.

Figure 3 Geographical distribution of research around the world. 
A. Research carried out in the 2000s; B. Research carried out in 
the 2010s. The red dots represent the locations where searches 
were performed.

Table 1 Distribution of resources in each country. Ranking of the 10 countries with the highest number of research. The other countries 
indicated less than five research in the two decades. Source: articles extracted from the Scopus platform using the keywords indicated 
in the methodology.

Countries
Decade

2000 2010
United States 49 24
China 30 35
Brazil 12 19
Iran 2 16
Australia 12 2
Spain 10 2
Canada 2 5
Mexico 1 6
Israel 1 5
Turkey 0 5
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In the 2010s, there was a reduction in research 
in some countries compared to the previous decade, for 
example, a 51.3% research reduction in the United States, 
five times reduction in Spain, and six times reduction in 
Australia. However, some countries have seen an increase 
in the number of research, such as Brazil (41.6% increase), 
Canada (2.5 times), and Mexico (5 times). The greatest 
increase was seen in the Middle East, with Iran producing 
eight times more articles in the 2010s than in the 2000s. 
Israel and Turkey also indicated a considerable increase 
between the two periods (four and five times respectively).

Therefore, in the last decade, there has been a 
reduction in research in countries that over time have 
become a reference in research on roads. For this reason, 
the displacement of research areas from countries such as 
the United States and some European countries to countries 
in the Middle East, Africa, and Latin America, where the 
change in land use is occurring at alarming rates, increasing 
soil erosion (Aneseyee et al. 2020; Rodrigues et al. 2021). 
The opening of new research frontiers in emerging countries 
results from the little knowledge of the dynamics of roads 
in other terrestrial landscapes, thus leading to a little delay 
in the research carried out in these countries.

3.3  Types of Road Segments Studied

In the past two decades, research have been carried 
out on several types of road segment (Table 2). However, 
forest roads and unpaved roads in rural areas continue to 
be the study subjects in most research, accounting for 49% 
of the total research conducted.

Unpaved roads were the subject of 50 research 
studies in the 2000s; however, there was an 89% reduction 
in the 2010s. A similar situation occurred on forest roads and 
highways, with a reduction of 55 % and 85%, respectively. 
In the last decade, we observed an increase in the number 
of searches in some segments of roads, such as gravel 
roads (115.2%), road bank (93.3%), trails (113.0%), and 
abandoned roads (100%).

It was observed that highways and road bank 
have become the study subjects in several research in 
the last decade. This increase may be associated with the 
development of the road network in recent years around 
the world. However, the control of soil erosion in highway 
bank and railroad bank is almost negligible (Seutloali & 
Beckedahl 2015). Several research point to the addition 
of a vegetation cover in these banks, aiming to reduce 
environmental problems (Rivera et al. 2014), but the 
compaction and erosion of these banks hinder the rapid 
establishment of vegetation (Hobbs & Norton 1996).

Despite the increase in research on abandoned roads, 
little attention has been given to the recovery and reuse of 
these roads. Some research has been carried out to observe 
the hydrosedimentological behavior in the reopening of 
abandoned roads. However, the results are inconclusive as 
to the time required for soil conditions to improve. Foltz, 
Copeland and Elliot (2009) observed that 30 years without 
traffic and vegetation regeneration was not enough to allow 
the recovery of the infiltration to values similar to an intact 
forest. Therefore, the recovery of vegetation cover may be 
like that of conditions without roads (Lloyd, Lohse & Ferré 
2013), but little is still known regarding the recovery of 
hydrological and geomorphological characteristics at the 
top of the soil on these roads.

Therefore, the reduction in research on unpaved 
roads and forest roads in the last decade is mainly due to 
the detailed understanding of the erosive dynamics of this 
type of road (Seutloali & Beckedahl 2015). As a result, 
new road segments have been used for new research, in 
addition to testing new methods of data collection.

3.4  Objectives of Studies on Road Segments in 
the Past Two Decades

Over time, the focus of research has shifted, but 
road surface erosion still seems to be the main objective 
of research in the past two decades. Among all the articles 
evaluated in this study, 48.3% quantified the erosion of the 
road surface (Table 3).

Table 2 Road segments used as a study object in the last two decades.

Decades Unpaved 
roads Forest roads Gravel roads Highways Road

bank Trails Abandoned 
roads

2000 50 41 12 23 15 8 2
2010 28 28 29 14 29 17 4
Total 78 69 41 37 44 25 6
% 26.0 23.0 13.7 12.3 14.7 8.3 2.0
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Issues such as sediment connectivity and the 
influence of roads on the landscape have stood out among 
road surveys in the past decade. The advance in the 
knowledge of the connectivity of road sediments with water 
bodies has broadened the understanding of the influence on 
landscape dynamics. Understanding connectivity helps to 
mitigate the adverse impacts on the environment (Jaafari 
et al. 2015; Ramos-Scharrón 2021).

Therefore, soil erosion, although well documented 
over time, still seems to be the most used research object in 
recent decades. This fact is related to the decentralization 
of research from central countries to emerging countries 
(Figure 4). The opening of new research fronts on roads in 
emerging countries results from the increase in the opening 
of new roads, use of established methodologies to observe 
how they behave in different edaphoclimatic conditions, 
and internationalization of research institutions and research 
partnerships with central countries.

3.5  Methods used for Data Collection

The change in the objective of research carried out 
on roads permeates the methods adopted and/or developed. 
Even so, research with natural rain accounted to 43.3% of 
the total. In the 2000s, 55.3% of the surveys were conducted 
with natural rain, while in the following decade, there was 
a 76% reduction in the number of research with natural 
rain. This reduction is attributed to the increase in research 
using simulated rain, which increased by 70.6% in the 
2010s (Table 4).

With the increase in research using rain simulation, 
there is also an increase in the application of models to 
identify the influence of roads on the landscape dynamics. 
Road erosion models are relatively less developed than 
erosion models in agricultural areas, which have been 
a focus of research and development over the past half 
century (Dubé, Megahan & Mccalmon 2004). However, 
when evaluating the results of the model, it should be kept 

in mind that the output is an estimate and not a precise 
value (Jaafari et al. 2015).

The increased use of rain modeling and simulation 
can be attributed to the ease of collecting and generating 
data, monitoring in the field with natural rain demands 
a lot of effort from the researcher. The evolution of road 
modeling can also be related to the development of new 
technologies for collecting information associated with 
remote sensing.

As technology advanced, several models were 
created and used to analyze both quantitatively and 
qualitatively the rate of soil erosion on roads. However, 
in recent years researchers have used geostatistical methods 
to collect information about environmental processes on 
roads (Ezekwesili & Agunwamba 2021; Igwe et al. 2020) 
(see keywords in Figure 5).

3.6  Current Trends

Studies on road erosion have intensified since the 
1970s, a time when rural and urban land planning began to 
be implemented to prevent the degradation of ecosystem 
(Navarro-Hevia et al. 2015). The purpose of these studies 
was to investigate the importance of road surfaces in soil 
erosion in different agricultural and nonagricultural scenarios 
around the world (Cao et al. 2013). With this, there was a 
more detailed understanding of soil erosion on rural roads 
and its controlling factors, e.g., slope, type of road surface, 
ramp length, trafficability, and edaphoclimatic conditions. 
Currently, there seems to be a refinement of research in 
relation to roads such as water repellency (Papierowska et 
al. 2020), shear strength (Ubido, Ogbonnaya & Ukah 2020), 
and air pollution through traffic (Wawer et al. 2020), among 
other studies, which describe roads as an element of the 
landscape. Currently, roads are analyzed holistically and they 
are part of an integrated landscape system, characterized 
as an open system, with continuous material and energy 
exchanges with the environment (Phillips 1999).

Table 3 Distribution of research related to the research objective.

Decades Surface erosion Bank erosion Delivery rate Impact on 
landscapes Prevention

2000 78 8 17 16 34
2010 67 3 30 27 21
Total 145 11 47 43 55
% 48.3 3.6 15.6 14.2 18.2
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Table 4 Method used for data collection on roads in the last two decades.

Decades Modeling Rain simulation Natural rain
2000 33 34 83
2010 45 58 47
Total 78 92 130
% 26.0 30.6 43.3

Figure 4 Bibliographic production on environmental processes on roads. 

The more in-depth knowledge of environmental 
degradation promoted by roads has enhanced the application 
of modeling, primarily with the current technological 
advance, such as the use of Terrestrial Laser Scanning 
and Digital Elevation Models (DEMs), which are both 
used to detail the surface dynamics of roads and erosion 
processes (Cao, Wang & Liu 2021). Temporally, studies 
have progressed on road segments, mathematical models, 
dust production, and particulate matter linked the longest 
to the United States. Recent studies have been carried 
out on suspended sediments, sediment analysis, and soil 
conservation in a watershed scale approach (Figure 5). 

Future research should focus on themes that have 
been underemphasized over time, such as the application 

of effective methods to reduce environmental degradation 
promoted by roads, planning to open new roads, proximity 
of the results of the various studies carried out on roads over 
time with public managers who effectively carry out road 
maintenance, and training of public managers responsible 
for the maintenance and opening of new roads.

Roads have become the most ubiquitous elements 
in terrestrial landscapes. Therefore, the presence and 
dynamics of roads must be considered not only from the 
economic point of view and circulation of goods and human 
development but also in territorial planning, conservation of 
natural resources, and maintenance of ecosystem services 
in hydrographic basins.
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Figure 5 Temporal evolution of indexing words related to the study of roads.

4  Conclusion
During the study period, there was a change in 

the research objective regarding hydrogeomorphological 
processes. In the 2000s, around 60% of surveys were carried 
out on unpaved roads and rural roads. In the following 
decade, this scenario changed, new research perspectives 
emerged, focusing on other road segments such as gravel 
roads and road bank. Along with these new research 
perspectives, new research gaps such as the delivery rate 
and the impact of roads on the landscape have opened up. 
However, surface erosion of roads is still one of the main 
research objectives, despite a significant increase in rainfall 
modeling and simulation for data collection.

In recent decades, there has been decentralization 
of research on rural roads. Countries such as the United 
States, Spain, and Australia, which have become a reference 
on this topic, have reduced their research. In contrast, 
China, which has also been considered a reference in road 
studies, increased the number of surveys from the 2000s 
to the 2010s. Surveys have been decentralized in some 

Latin American countries like Brazil and Mexico and in 
the Middle East like Iran and Israel, on the international 
road research scene.

The opening of new research frontiers in emerging 
countries may be conditioned to some factors, such as 
testing known research methods in different landscapes 
of tropical climate, increase in the road and rail network 
in these countries, and insertion and partnerships between 
institutions in these developing countries and institutions in 
developed countries. However, the opening of new roads 
in developing countries includes many regions that support 
exceptional biodiversity and ecosystem services vital to the 
planet, and the fragmentation of these habitats due to the 
opening of new roads leads to environmental degradation.

Environmental processes are well known and has 
been the subject of studies in recent decades. This suggests 
that much research only replicate known methods and 
techniques with little advance in knowledge. However, new 
research perspectives have emerged, primarily focusing 
on the influence of roads on the dynamics of landscapes.



10

Evolution and Trend of Research on the Hydrogeomorphological Processes on Roads... Antoneli et al.

Anu. Inst. Geociênc., 2022;45:44119

5  References 
Aneseyee, A.B., Elias, E., Soromessa, T. & Feyisa, G.L. 2020, 

‘Land use/land cover change effect on soil erosion and 
sediment delivery in the Winike watershed, Omo Gibe Basin, 
Ethiopia’, Science of The Total Environment, vol. 728, 138776, 
DOI:10.1016/j.scitotenv.2020.138776.

Antoneli, V. & Thomaz, E.L. 2016, ‘Perda de solo em estradas 
rurais em área de cultivo de tabaco na bacia do Arroio Boa 
Vista-Paraná’, Revista Brasileira de Geomorfologia, vol. 17, 
no. 2, pp. 227-40, DOI:10.20502/rbg.v17i2.769.

Avon, C.L., Bergès, Y., Dumas, J. & Dupouey, J.L. 2010, ‘Does 
the effect of forest roads extend a few meters or more into 
the adjacent forest? A study on understory plant diversity in 
managed oak stands’, Forest Ecology and Management, vol. 
259, no. 8, pp. 1546-55, DOI:10.1016/j.foreco.2010.01.031.

Baird, E.J., Floyd, W., van Meerveld, H.J. & Anderson, A.E. 2012, 
‘Road surface erosion, part 1: Summary of effects, processes, 
and assessment procedures’, Watershed Management Bulletin, 
vol. 15, no. 1, pp. 1-9.

Benda, L., Cajun, J. Miller, D. & Andras, K. 2019, ‘Road Erosion 
and Delivery Index (READI): A model for evaluating unpaved 
Road Erosion and Stream Sediment Delivery’, Journal of the 
American Water Resources Association, vol. 55, no. 2, pp. 
459-84, DOI:10.1111/1752-1688.12729.

Bilby, R.E., Sullivan, K. & Duncan, S.H. 1989, ‘The generation 
and fate of road-surface sediment in forested watersheds in 
southwestern Washington’, Forest Science, vol. 35, no. 2, pp. 
453-68, DOI:10.1093/forestscience/35.2.453.

Bochet, E., Garcia-Fayos, P. & Tormo, J. 2010, ‘How can we 
control erosion of roadslopes in semiarid Mediterranean 
areas? Soil improvement and native plant establishment’, 
Land Degradation & Development, vol. 21, no. 2, pp. 110-
21, DOI:10.1002/ldr.911.

Bryce, J., Brodie, S., Parry, T. & Lo Presti, D. 2017, ‘A systematic 
assessment of road pavement sustainability through a review 
of rating tools’, Resources, Conservation and Recycling, 
vol. 120, pp. 108-18, DOI:10.1016/j.resconrec.2016.11.002.

Burroughs, E.R. & King, J.G. 1989, Reduction of soil erosion 
on forest roads, General Technical Report INT-264, Ogden, 
DOI:10.2737/INT-GTR-264.

Cao, L., Wang, Y. & Liu, C. 2021, ‘Study of unpaved road surface 
erosion based on terrestrial laser scanning’, CATENA, vol. 
199, 105091, DOI:10.1016/j.catena.2020.105091.

Cao, L., Zhang, K., Dai, H. & Liang, Y. 2013, ‘Modeling interrill 
erosion on unpaved roads in the loess plateau of China’, Land 
Degradation & Development, vol. 26, no. 8, pp. 825-32, 
DOI:10.1002/ldr.2253.

Cheng, B., Lv, Y., Zhan, Y., Su, D. & Cao, S. 2015, ‘Constructing 
China’s roads as works of art: a case study of “esthetic 
greenway” construction in the Shennongjia Region of China’, 
Land Degradation & Development, vol. 26, no. 4, pp. 324-30, 
DOI:10.1002/ldr.2210.

Cohen, S., Groner, E., Peeters, A. & Segoli, M. 2021, ‘The 
impact of roads on the redistribution of plants and associated 
arthropods in a hyper-arid ecosystem’, Journal of Insect 
Science, vol. 21, no. 4, 4, DOI:10.1093/jisesa/ieab044.

Collins, A.L. & Walling, D.E. 2002, ‘Selecting fingerprint 
properties for discriminating potential suspended sediment 
sources in river basins’, Journal of Hydrology, vol. 261, 
no. 1-4, pp. 218-44, DOI:10.1016/S0022-1694(02)00011-2.

Colyer, P.M., Hoque, M.A. & Fowler, M. 2020, ‘A chemical 
and ecological assessment into elemental loading from ford 
crossings in Ashdown Forest, Sussex, United Kingdom’, 
Science of The Total Environment, vol. 738, 140102, 
DOI:10.1016/j.scitotenv.2020.140102.

Croke, J.C. & Hairsine, P.B. 2006, ‘Sediment delivery in managed 
forests: A review’, Environmental Reviews, vol. 14, no. 1, pp. 
59-87, DOI:10.1139/a05-016.

Cunha, M.C. & Thomaz, E.L. 2017, ‘Fluxo subsuperficial 
interceptado por estrada rural: Características e distribuição 
na paisagem’, Boletim Goiano de Geografia, vol. 37, no. 3, 
pp. 429-47, DOI:10.5216/bgg.v37i3.50763.

Dacoregio, H.M., Sampietro, J.A., Bertol, I., Urio, C., Souza, 
F.L. & Sequinatto, L. 2019, ‘Efficiency of different devices 
in drainage systems to reduce water erosion in gravelled 
forestry roads’, Forest Sciences, vol. 47, no. 122, pp. 192-
202, DOI:10.18671/scifor.v47n122.02.

Dong, J., Zhang, K. & Guo, Z. 2012, ‘Runoff and soil erosion from 
highway construction spoil deposits: A rainfall simulation study’, 
Transportation Research Part D: Transport and Environment, 
vol. 17, no. 1, pp. 8-14, DOI:10.1016/j.trd.2011.09.007. 

Dubé, K., Megahan, W. & Mccalmon, M. 2004, Washington 
Road Surface Erosion Model (WARSEM) Manual, State of 
Washington, Department of Natural Resources, Washington, 
viewed 21 October 2020, <https://www.dnr.wa.gov/
publications/fp_data_warsem_manual.pdf>. 

Dunne, T. 1979, ‘Sediment yield and land use in tropical 
catchments’, Journal of Hydrology, vol. 42, no. 3-4, pp. 
281-300, DOI:10.1016/0022-1694(79)90052-0.

Elliot, W.J., Foltz, R.B. & Luce, C.H. 1995, ‘Validation of Water 
Erosion Prediction Project (WEPP) model for low-volume forest 
roads’, paper presented to the Sixth International Conference 
on Low-Volume Roads, Washington D.C, United States, June, 
pp. 178-86, viewed 14 September 2020, <https://www.fs.fed.
us/rm/pubs_journals/1995/rmrs_1995_elliot_w001.pdf>.

Ezekwesili, O.J.I. & Agunwamba, J.C. 2021, ‘Mechanistic 
mathematical modelling of pothole development from loss 
of roadway subsurface-materials’, Mathematical Modelling of 
Engineering Problems, vol. 8, no. 2, pp. 170-8, DOI:10.18280/
mmep.080202. 

Faiz, A., Faiz, A., Wang, W. & Bennett, C. 2012, ‘Sustainability 
of Road Infrastructures Sustainable rural roads for livelihoods 
and livability’, Procedia - Social and Behavioral Sciences, 
vol. 53, pp. 1-8, DOI:10.1016/j.sbspro.2012.09.854. 

Foltz, R.B., Copeland, N.S. & Elliot, W.J. 2009, ‘Reopening 
abandoned forest roads in northern Idaho, USA: Quantification 
of runoff, sediment concentration, infiltration, and interrill 
erosion parameters’, Journal of Environmental Management, 
vol. 90, no. 8, pp. 2542-50, DOI:10.1016/j.jenvman.2009.01.014. 

Forman, R.T.T., Sperling, J.A., Bissonette, A.P., Clevenger, C.D., 
Cutshall, V.H., Dale, L., Fahrig, R., France, C.R., Goldman, K. 
Heanue, J.A., Jones, F.J., Swanson, T. & Turrentine, T.C. 2003, 
Road ecology, science and solutions, Island Press, Covelo.

https://doi.org/10.1016/j.scitotenv.2020.138776
https://doi.org/10.20502/rbg.v17i2.769
https://doi.org/10.1016/j.foreco.2010.01.031
https://doi.org/10.1111/1752-1688.12729
https://doi.org/10.1093/forestscience/35.2.453
https://doi.org/10.1002/ldr.911
https://doi.org/10.1016/j.resconrec.2016.11.002
https://doi.org/10.2737/INT-GTR-264
https://doi.org/10.1016/j.catena.2020.105091
https://doi.org/10.1002/ldr.2253
https://doi.org/10.1002/ldr.2210
https://doi.org/10.1093/jisesa/ieab044
https://doi.org/10.1016/S0022-1694(02)00011-2
https://doi.org/10.1016/j.scitotenv.2020.140102
https://doi.org/10.1139/a05-016
https://doi.org/10.5216/bgg.v37i3.50763
https://doi.org/10.18671/scifor.v47n122.02
https://doi.org/10.1016/j.trd.2011.09.007
https://www.dnr.wa.gov/publications/fp_data_warsem_manual.pdf
https://www.dnr.wa.gov/publications/fp_data_warsem_manual.pdf
https://doi.org/10.1016/0022-1694(79)90052-0
https://www.fs.fed.us/rm/pubs_journals/1995/rmrs_1995_elliot_w001.pdf
https://www.fs.fed.us/rm/pubs_journals/1995/rmrs_1995_elliot_w001.pdf
https://doi.org/10.18280/mmep.080202
https://doi.org/10.18280/mmep.080202
https://doi.org/10.1016/j.sbspro.2012.09.854
https://doi.org/10.1016/j.jenvman.2009.01.014


11

Evolution and Trend of Research on the Hydrogeomorphological Processes on Roads... Antoneli et al.

Anu. Inst. Geociênc., 2022;45:44119

Fu, B., Newham, L.T. & Ramos-Scharrón, C. 2010, ‘A review of 
surface erosion and sediment delivery models for unsealed 
roads’, Environmental Modelling & Software, vol. 25, no. 1, 
pp. 1-14, DOI:10.1016/j.envsoft.2009.07.013. 

Gilbert, G.K. 1917, Hydraulic-mining debris in Sierra Nevada, 
US Government Printing Office, United States, viewed 02 
December 2020, <https://pubs.usgs.gov/pp/0105/report.pdf>.

Goerl, R.F., Kobiyama, M. & Santos, I. 2012, ‘Hidrogeomorfologia: 
Princípios, conceitos, processos e aplicações’, Revista 
Brasileira de Geomorfologia, vol. 13, no. 2, pp. 103-11. 

Goode, J.R., Luce, C.H. & Buffington, J.M. 2012, ‘Enhanced 
sediment delivery in a changing climate in semi-arid mountain 
basins: Implications for water resource management and aquatic 
habitat in the northern Rocky Mountains’, Geomorphology, 
vol. 139-140, pp. 1-15, DOI:10.1016/j.geomorph.2011.06.021. 

Henderson, D., Smith, J.A. & Fitch, G.M. 2016, ‘Impact of 
vegetation management on vegetated roadsides and their 
performance as a low-impact development practice for linear 
transportation infrastructure, Transportation Research Record’, 
Journal of the Transportation Research Board, vol. 2588, no. 
1, pp. 172-80, DOI:10.3141/2588-19. 

Hobbs, R.J. & Norton, D.A. 1996, ‘Towards a conceptual framework 
for restoration ecology’, Restoration Ecology, vol. 4, no. 2, pp. 
93-110, DOI:10.1111/j.1526-100X.1996.tb00112.x. 

Hooven, M.D. 1952, ‘Water and timber management’, Journal, 
of Soil and water conservation, vol. 7, no. 2, pp. 75-8. 

Ibisch, P.L., Hoffmann, M.T., Kreft, S., Pe’er, G., Kati, V., Biber 
Freudenberger, L., DellaSala, D.A., Vale, M.M., Hobson, P.R. 
& Selva, N. 2016, ‘A global map of roadless areas and their 
conservation status’, Science, vol. 354, no. 6318, pp. 1423-7, 
DOI:10.1126/science.aaf7166. 

Igwe, O., John, U.I., Solomon, O. & Obinna, O. 2020, ‘GIS-based 
gully erosion susceptibility modeling, adapting bivariate 
statistical method and AHP approach in Gombe town and 
environs Northeast Nigeria’, Geoenvironmental Disasters, 
vol. 7, no. 1, 32, DOI:10.1186/s40677-020-00166-8. 

Jaafari, A., Najafi, A., Rezaeian, J. & Sattarian, A. 2015, ‘Modeling 
erosion and sediment delivery from unpaved roads in the north 
mountainous forest of Iran’, GEM - International Journal on 
Geomathematics, vol. 6, pp. 343-56, DOI:10.1007/s13137-
014-0062-4. 

Jacobson, R.B. & Primm, A.T. 1997, ‘Historical land-use changes 
and potential effects on stream disturbance in the Ozark 
Plateaus, Missouri’, US Geological Survey Water Supply 
Paper, vol. 2484, pp. 1-85, DOI:10.3133/wsp2484. 

Jones, J.A. & Grant, G.E. 1996, ‘Peak flow responses to clear-
cutting and roads in small and large basins, western Cascades, 
Oregon’, Water Resources Research, vol. 32, no. 4, pp. 959-74, 
DOI:10.1029/95WR03493.

Kalantari, Z., Cavalli, M., Cantone, C., Crema, E. & Destouni, G. 
2017, ‘Flood probability quantification for road infrastructure: 
Data-driven spatial-statistical approach and case study 
applications’, Science of the Total Environment, vol. 581-
582, pp. 386-98, DOI:10.1016/j.scitotenv.2016.12.147.

Kastridis, A. 2020, ‘Impact of forest roads on hydrological 
processes’, Forests, vol. 11, no. 11, 1201, DOI:10.3390/
f11111201. 

Kidd, W.J. & Kochenderfer, J.N. 1973, ‘Soil constraints on logging 
road construction on steep Land East and West’, Journal of 
Forestry, vol. 71, no. 5, pp. 284-6, DOI:10.1093/jof/71.5.z1. 

Kochenderfer, J.N. & Helvey, J.D. 1987, ‘Using gravel to reduce 
soil losses from minimum-standard forest roads’, Journal of 
Soil Water Conservation, vol. 42, no. 1 pp. 46-50.

La Marche, J.L. & Lettenmaier, D.P. 2001, ‘Effects of roads 
on flood flows in the Deschutes River, Washington’, Earth 
Surface Processes and Landforms, vol. 26, no. 2, pp. 115-
34, DOI:10.1002/1096-9837(200102)26:2%3C115::AID-
ESP166%3E3.0.CO;2-O. 

Lane, P.N.J. & Sheridan, G.J. 2002, ‘Impact of an unsealed forest 
road stream crossing: Water quality and sediment sources’, 
Hydrological Processes, vol. 16, no. 13, pp. 2599-612, 
DOI:10.1002/hyp.1050. 

Laurance, W.F., Clements, G.R., Sean, S., O’Connell, C.S., 
Mueller, N.D., Goosem, M., Venter, O., Edwards, D.P., Phalan, 
B., Balmford, A., Van Der Ree, R. & Arrea, I.B. 2014, ‘A 
global strategy for road building’, Nature, vol. 513, pp. 229-
32, DOI:10.1038/nature13717. 

Leonard, R.J. & Hochuli, D.F. 2017, ‘Exhausting all avenues: 
Why impacts of air pollution should be part of road ecology’, 
Frontiers in Ecology and the Environment, vol. 15, no. 8, pp. 
443-9, DOI:10.1002/fee.1521.

Lloyd, R.A., Lohse, K.A. & Ferré, T. 2013, ‘Influence of road 
reclamation techniques on forest ecosystem recovery’, 
Frontiers in Ecology and the Environment, vol. 11, no. 2, 
pp. 75-81, DOI:10.1890/120116. 

Martín, B., Ortega, E., Otero, I. & Arce, R.M. 2016, ‘Landscape 
character assessment with GIS using map-based indicators 
and photographs in the relationship between landscape and 
roads’, Journal of Environmental Management, vol. 180, pp. 
324-34, DOI:10.1016/j.jenvman.2016.05.044. 

Melquiades, F.L., Bastos, R.O., Andreoni, L.S., Thomaz, E.L. & 
Antoneli, V. 2019, ‘Coupling soil transfer from hillslope to 
riparian zone through natural fingerprint in a catchment with 
tobacco crop’, Journal of Soils and Sediments, vol. 19, no. 4, 
pp. 1928-36, DOI:10.1007/s11368-018-2181-2. 

Monsen, S.B. 1974, ‘Plant selection for erosion control on forest 
roads of the Idaho Batholith’, paper presented to the ASAE 
Pap, Annu Meet, 67th, Stillwater, 24-26.

Navarro‐Hevia, J., Lima‐Farias, T.R., Araújo, J.C., Osorio‐Peláez, 
C. & Pando, V. 2015, ‘Soil erosion in steep road cut slopes in 
Palencia (Spain)’, Land Degradation & Development, vol. 
27, no. 2, pp. 190-9, DOI:10.1002/ldr.2459. 

Nelson, E.J. & Booth, D.B. 2002, ‘Sediment sources in an 
urbanizing, mixed land-use watershed’, Journal of Hydrology, 
vol. 264, no. 1-4, pp. 51-68.

Nosrati, K. & Collins, A.L. 2019, ‘Investigating the importance 
of recreational roads as a sediment source in a mountainous 
catchment using a fingerprinting procedure with different 
multivariate statistical techniques and a Bayesian un-
mixing model’, Journal of Hydrology, vol. 569, pp. 506-18, 
DOI:10.1016/j.jhydrol.2018.12.019.

Oliveira, P.T.S., Wendland, E. & Nearing, M.A. 2013, ‘Rainfall 
erosivity in Brazil: A review’, CATENA, vol. 100, pp. 139-47, 
DOI:10.1016/j.catena.2012.08.006. 

https://doi.org/10.1016/j.envsoft.2009.07.013
https://pubs.usgs.gov/pp/0105/report.pdf
https://doi.org/10.1016/j.geomorph.2011.06.021
https://doi.org/10.3141/2588-19
https://doi.org/10.1111/j.1526-100X.1996.tb00112.x
https://doi.org/10.1126/science.aaf7166
https://doi.org/10.1186/s40677-020-00166-8
https://doi.org/10.1007/s13137-014-0062-4
https://doi.org/10.1007/s13137-014-0062-4
https://doi.org/10.3133/wsp2484
https://doi.org/10.1029/95WR03493
https://doi.org/10.1016/j.scitotenv.2016.12.147
https://doi.org/10.3390/f11111201
https://doi.org/10.3390/f11111201
https://doi.org/10.1093/jof/71.5.z1
https://doi.org/10.1002/1096-9837(200102)26:2%3C115::AID-ESP166%3E3.0.CO;2-O
https://doi.org/10.1002/1096-9837(200102)26:2%3C115::AID-ESP166%3E3.0.CO;2-O
https://doi.org/10.1002/hyp.1050
https://doi.org/10.1038/nature13717
https://doi.org/10.1002/fee.1521
https://doi.org/10.1890/120116
https://doi.org/10.1016/j.jenvman.2016.05.044
https://doi.org/10.1007/s11368-018-2181-2
https://doi.org/10.1002/ldr.2459
https://doi.org/10.1016/j.jhydrol.2018.12.019
https://doi.org/10.1016/j.catena.2012.08.006


12

Evolution and Trend of Research on the Hydrogeomorphological Processes on Roads... Antoneli et al.

Anu. Inst. Geociênc., 2022;45:44119

Ou, X., Hu, Y., Li, X., Guo, S. & Liu, B. 2021, ‘Advancements 
and challenges in rill formation, morphology, measurement 
and modeling’, CATENA, vol. 196, 104932, DOI:10.1016/j.
catena.2020.104932.

Papierowska, E., Szatyłowicz, J., Łachacz, A., Gnatowski, T. & 
Stańczyk, T. 2020, ‘Water repellency of soils on unpaved 
roads in coniferous forests’, CATENA, vol. 195, 104784, 
DOI:10.1016/j.catena.2020.104784.

Phillips, B.B., Bullock, J.M., Osborne, J.L. & Gaston, K.J. 
2019, ‘Ecosystem service provision by road verges’, 
Journal of Applied Ecology, vol. 57, no. 3, pp. 488-501, 
DOI:10.1111/1365-2664.13556. 

Phillips, J. 1999, Earth surface systems: Complexity, order and 
scale, John Wiley & Sons.

Ramos-Scharrón, C.E. 2010, ‘Sediment production from unpaved 
roads in a sub-tropical dry setting – Southwestern Puerto 
Rico’, CATENA, vol. 82, no. 3, pp. 146-58, DOI:10.1016/j.
catena.2010.06.001. 

Ramos-Scharrón, C.E. 2021, ‘Impacts of off-road vehicle tracks on 
runoff, erosion and sediment delivery – A combined field and 
modeling approach’, Environmental Modelling & Software, 
vol. 136, 104957, DOI:10.1016/j.envsoft.2020.104957. 

Reid, L.M. & Dunne, T. 1984, ‘Sediment production from forest 
road surfaces’, Water Resources Research, vol. 20, no. 11, 
pp. 1753-61, DOI:10.1029/WR020i011p01753. 

Riedel, M.S. & Vose, J.M. 2003, ‘Collaborative research and 
watershed management for optimization of forest road 
best management practices’, paper presented to the 2003 
Proceedings of the International Conference on Ecology 
and Transportation, Center for Transportation and the 
Environment, North Carolina State University, pp. 148-58, 
viewed 13 August 2021, <https://www.srs.fs.usda.gov/pubs/
ja/ja_riedel006.pdf>. 

Rivera, D., Mejías, V., Jáuregui, B.M., Costa-Tenorio, M., 
López-Archilla, A.I. & Peco, B. 2014, ‘Spreading topsoil 
encourages ecological restoration on embankments: Soil 
fertility, microbial activity and vegetation cover’, PLoS One, 
vol. 9, no. 7, e101413, DOI:10.1371/journal.pone.0101413. 

Rodrigues, A.R., Marques, S., Botequim, B., Marto, M. & Borges, 
J.G. 2021, ‘Forest management for optimizing soil protection: 
A landscape-level approach’, Forest Ecosystems, vol. 8, no. 
1, 50, DOI:10.1186/s40663-021-00324-w.

Romanelli, J.P., Fujimoto, J.T., Ferreira, M.D. & Milanez, D.H. 
2018, ‘Assessing ecological restoration as a research topic 
using bibliometric indicators’, Ecological Engineering, vol. 
120, pp. 311-20, DOI:10.1016/j.ecoleng.2018.06.015. 

Roussiamanis, N., Kaltsounis, A., Vardaki, S. & Kanellaidis, G. 
2013, ‘A review of stopping sight distance in road design 
guidelines’, Proceedings of the Institution of Civil Engineers, 
vol. 166, no. 5, pp. 305-12, DOI:10.1680/tran.11.00049.

Schuler, M.S. & Relyea, RA. 2018, ‘A review of the combined 
threats of road salts and heavy metals to freshwater systems’, 
BioScience, vol. 68, no. 5, pp. 327-35, DOI:10.1093/biosci/
biy018. 

Seutloali, K.E. & Beckedahl, H.R. 2015, ‘A review of road-
related soil erosion: an assessment of causes, evaluation 
techniques and available control measures’, Earth Sciences 
Research Journal, vol. 19, no. 1, pp. 73-80, DOI:10.15446/
esrj.v19n1.43841. 

Sidle, R.C. & Onda, Y. 2004, ‘Hydrogeomorphology: Overview 
of an emerging science’, Hydrological Processes, vol. 18, 
no. 4, pp. 597-602, DOI:10.1002/hyp.1360. 

Sitzia, T., Campagnaro, T. & Grigolato, S. 2016, ‘Ecological risk 
and accessibility analysis to assess the impact of roads under 
Habitats Directive’, Journal of Environmental Planning and 
Management, vol. 59, no. 12, pp. 2251-71, DOI:10.1080/09
640568.2016.1140023.

Swanson, F.J. & Dyrness, C.T. 1975, ‘Impact of clear-cutting 
and road construction on soil erosion by landslides in the 
western Cascade Range, Oregon’, Geology, vol. 3, no. 7, 
pp. 393-6, DOI:10.1130/0091-7613(1975)3<393:IOCARC
>2.0.CO;2. 

Thomaz, E.L. & Melquiades, F.L. 2009, ‘Discriminação de 
marcadores de proveniência de sedimento em bacia rural 
por meio de EDXRF’, Revista Brasileira de Geomorfologia, 
vol. 10, no. 1, pp. 95-102, DOI:10.20502/rbg.v10i1.122. 

Thomaz, E.L. & Perreto, G.T. 2016, ‘Hydrogeomorphic 
connectivity on roads crossing in rural headwaters and its 
effect on stream dynamics’, Science of The Total Environment, 
vol. 550, pp. 547-55, DOI:10.1016/j.scitotenv.2016.01.100. 

Thomaz, E.L. & Ramos-Scharrón, C.E. 2015, ‘Rill length and 
plot-scale effects on the hydrogeomorphologic response of 
gravelly roadbeds’, Earth Surface Process and Landforms, 
vol. 40, no. 15, pp. 2041-8, DOI:10.1002/esp.3778. 

Tiwari, A. & Rachlin, J.W. 2018, ‘A review of road salt ecological 
impacts’, Northeastern Naturalist, vol. 25, no. 1, pp. 123-42, 
DOI:10.1656/045.025.0110. 

Ubido, O.E., Ogbonnaya, I. & Ukah, B.U. 2020, ‘Evaluation of 
road failure along an erosion prone highway in Ogun state 
southwestern Nigeria using integrated methods’, SN Applied 
Sciences, vol. 2, 2094, DOI:10.1007/s42452-020-03849-x.

Van Eck, N.J. & Waltman, L. 2013, VOS viewer manual, 
Univeristeit Leiden, vol. 1, no. 1, Leiden, viewed 09 June 
2021, <https://www.vosviewer.com/documentation/Manual_
VOSviewer_1.6.10.pdf>.

Vinson, J.A., Barrett, S.M., Aust, W.M. & Bolding, M.C. 2017, 
‘Evaluation of bladed skid trail closure methods in the ridge 
and valley region’, Forest Science, vol. 63, no. 4, pp. 432-40, 
DOI:10.5849/FS.2016-030R1. 

Wang, M., Liu, Q. & Pang, X. 2021, ‘Evaluating ecological 
effects of roadside slope restoration techniques: A global 
meta-analysis’, Journal of Environmental Management, vol. 
281, 111867, DOI:10.1016/j.jenvman.2020.111867. 

Wang, W., Yang, N., Zhang, Y., Wang, F., Cao, T. & Eklund, 
P. 2016, ‘A review of road extraction from remote sensing 
images’, Journal of Traffic and Transportation Engineering, 
vol. 3, no. 3, pp. 271-82, DOI:10.1016/j.jtte.2016.05.005. 

Wawer, M., Magiera, T., Jabłońska, M., Kowalska, J. & Rachwał, 
M. 2020, ‘Geochemical characteristics of solid particles 
deposited on experimental plots established for traffic 
pollution monitoring in different countries’, Chemosphere, 
vol. 260, 127575, DOI:10.1016/j.chemosphere.2020.127575.

Wemple, B.C, Swanson, F.J. & Jones, J.A. 2001, ‘Forest roads and 
geomorphic process interactions, Cascade Range, Oregon’, 
Earth Surface Process and Landforms, vol. 26, no. 2, pp. 
191-204, DOI:10.1002/1096-9837(200102)26:2<191::AID-
ESP175>3.0.CO;2-U. 

https://doi.org/10.1016/j.catena.2020.104932
https://doi.org/10.1016/j.catena.2020.104932
https://doi.org/10.1016/j.catena.2020.104784
https://doi.org/10.1111/1365-2664.13556
https://doi.org/10.1016/j.catena.2010.06.001
https://doi.org/10.1016/j.catena.2010.06.001
https://doi.org/10.1016/j.envsoft.2020.104957
https://doi.org/10.1029/WR020i011p01753
https://www.srs.fs.usda.gov/pubs/ja/ja_riedel006.pdf
https://www.srs.fs.usda.gov/pubs/ja/ja_riedel006.pdf
https://doi.org/10.1371/journal.pone.0101413
https://doi.org/10.1186/s40663-021-00324-w
https://doi.org/10.1016/j.ecoleng.2018.06.015
https://doi.org/10.1680/tran.11.00049
https://doi.org/10.1093/biosci/biy018
https://doi.org/10.1093/biosci/biy018
https://doi.org/10.15446/esrj.v19n1.43841
https://doi.org/10.15446/esrj.v19n1.43841
https://doi.org/10.1002/hyp.1360
https://doi.org/10.1080/09640568.2016.1140023
https://doi.org/10.1080/09640568.2016.1140023
https://doi.org/10.1130/0091-7613(1975)3<393:IOCARC>2.0.CO;2
https://doi.org/10.1130/0091-7613(1975)3<393:IOCARC>2.0.CO;2
https://doi.org/10.20502/rbg.v10i1.122
https://doi.org/10.1016/j.scitotenv.2016.01.100
https://doi.org/10.1002/esp.3778
https://doi.org/10.1656/045.025.0110
https://doi.org/10.1007/s42452-020-03849-x
https://www.vosviewer.com/documentation/Manual_VOSviewer_1.6.10.pdf
https://www.vosviewer.com/documentation/Manual_VOSviewer_1.6.10.pdf
https://doi.org/10.5849/FS.2016-030R1
https://doi.org/10.1016/j.jenvman.2020.111867
https://doi.org/10.1016/j.jtte.2016.05.005
https://doi.org/10.1016/j.chemosphere.2020.127575
https://doi.org/10.1002/1096-9837(200102)26:2<191::AID-ESP175>3.0.CO;2-U
https://doi.org/10.1002/1096-9837(200102)26:2<191::AID-ESP175>3.0.CO;2-U


13

Evolution and Trend of Research on the Hydrogeomorphological Processes on Roads... Antoneli et al.

Anu. Inst. Geociênc., 2022;45:44119

How to cite:
Antoneli, V., Mazur, J.E., Thomaz, E.L. & Bednarz, J.A. 2022, ‘Evolution and Trend of Research on the Hydrogeomorphological Processes on Roads 
in the Last Decades: a Review’, Anuário do Instituto de Geociências, 45﻿:44119. https://doi.org/10.11137/1982-3908_2022_45_44119

Author contributions
Valdemir Antoneli: conceptualization; methodology; validation; writing-
original draft; writing – review and editing. Jefferson Eslei Mazur: 
methodology; formal analysis; validation. Edivaldo Lopes Thomaz: 
conceptualization; validation; writing-original draft; writing – review 
and editing. João Anesio Bednarz: conceptualization; formal analysis; 
writing-original draft.

Conflict of interest 
The authors declare no potential conflict of interest.

Data availability statement 
All data included in this study are publicly available in the literature.

Funding information 
Not applicable

Editor-in-chief
Dr. Claudine Dereczynski

Associate Editor
Dr. Silvio Roberto de Oliveira Filho

Xu, J., Chen, J., Liu, Y. & Fan, F. 2020, ‘Identification of the 
geographical factors influencing the relationships between 
ecosystem services in the Belt and Road region from 2010 
to 2030’, Journal of Cleaner Production, vol. 275, 124153, 
DOI:10.1016/j.jclepro.2020.124153. 

Yousefi, S., Moradi, H., Boll, J. & Schönbrodt-Stitt, S. 2016, 
‘Effects of road construction on soil degradation and nutrient 
transport in Caspian Hyrcanian mixed forests’, Geoderma, 
vol. 284, pp. 103-12, DOI:10.1016/j.geoderma.2016.09.002. 

Yu, W., Zhao, L., Fang, G. & Hou, R. 2021, ‘Contributions of 
runoff from paved farm roads to soil erosion in karst uplands 
under simulated rainfall conditions’, CATENA, vol. 196, 
104887, DOI:10.1016/j.catena.2020.104887. 

Zhang, W., Li, J., Sun, H. & Che, W. 2021, ‘Pollutant first flush 
identification and its implications for urban runoff pollution 
control: A roof and road runoff case study in Beijing, China’, 
Water Science & Technology, vol. 83, no. 11, pp. 2829-40, 
DOI:10.2166/wst.2021.157.

https://doi.org/10.1016/j.jclepro.2020.124153
https://doi.org/10.1016/j.geoderma.2016.09.002
https://doi.org/10.1016/j.catena.2020.104887

