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Abstract

Although rural roads enable the development of rural communities, they change the natural hydrological
response of the catchment. This study was carried out in the Guabiroba River Basin, Guarapuava-PR, with
the objective of identifying and characterizing the types of subsurface flow interception caused by rural
road cuts associated with their spatial distribution along the river basin. For this, as methodology used,
we conducted a field survey with direct observation to determine the areas of interception of subsurface
flow and their distribution in the catchment Guabiroba River basin. Three major types were identified: return
flow, pipe flow, and saturated troughflow. Return flow is often distributed in rivers and terraces, pipe flow is
present mainly in midslopes, and saturated troughflow occurs most often in upper slopes, expelled onto the
deepest embankments. It is concluded, therefore, that the types of subsurface interception and their spatial
distribution can alter the natural hydrological dynamics of the basin, provoking a shorter response time than
through infiltration and displacement in the soil.
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Resumo

Embora as estradas rurais permitam o desenvolvimento das comunidades rurais, elas alteram a resposta
hidrolégica natural da bacia hidrogréfica. Esse estudo foi realizado na bacia do Rio Guabiroba, Guarapuava-
PR, com o objetivo de identificar e caracterizar os tipos de interceptacao de fluxo subsuperficial causados
por cortes de estradas rurais associados a sua distribuicao espacial ao longo da bacia hidrogréfica. Para
tanto, como metodologia utilizada foram realizados levantamentos de campo com observacéo direta para
determinar as éreas de interceptacao do fluxo em subsuperficie e sua distribui¢cdo na bacia do Rio Guabiroba.
Trés tipos principais foram identificados e denominados como: fluxo de retorno, fluxo pipe e fluxo insaturado.
0 fluxo de retorno é frequentemente distribuido proximo aos rios e no fundo de vale, o fluxo pipe esta presente
principalmente em média vertente, e o fluxo insaturado ocorre mais frequentemente em encostas superiores,
expelido nos taludes mais profundos. Conclui-se, portanto, que os tipos de interceptacao subsuperficial e a
distribuicao espacial desses podem alterar a dinamica hidroldgica natural da bacia, provocando um tempo de
resposta menor que por meio da infiltracao e deslocamento no solo.

Palavras-chave: Bacia hidrografica rural, resposta hidroldgica, conectividade, area saturada.
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Resumen

Pese a que las carreteras rurales permiten el desarrollo de las comunidades rurales, cambian la respuesta
hidroldgica natural de la cuenca. Este estudio fue realizado en la cuenca del Rio Guabiroba, Guarapuava-PR,
con el objetivo de identificar y caracterizar los tipos de interceptacion de flujo subsuperficial causados por
cortes de carreteras rurales asociadas a su distribucion espacial a lo largo de la cuenca hidrogréfica del Rio
Guabiroba. Para ello, como metodologia utilizada hemos desarrollado un estudio de campo con observacién
directa para determinar las zonas de captura del flujo en el subsuelo y su distribucion en la cuenca. Se
identificaron tres tipos principales: flujo de retorno que, es frecuentemente distribuido préximo los rios e al
fondo del valle, el flujo pipe, que esta presente principalmente en la media vertiente, y el flujo no saturado, que
se produce mas a menudo en laderas superiores, segregado en inclinaciones mas profundas. Se concluye,
por lo tanto, que los tipos de interceptacién subsuperficial y la distribucion espacial de éstos, pueden alterar
la dindmica hidroldgica natural de la cuenca, provocando un tiempo de respuesta menor que por medio de la
infiltracion y desplazamiento en el suelo.

Palabras-clave: Cuenca rural, la respuesta hidroldgica, conectividad, area saturada.

Introduction

Road networks are fundamental for local development in rural areas
(FAIZ et al., 2012), since they guarantee the improvement of the quality
of life of the population and, often, this is the only form of access that
the population has to basic services as well as in urban areas, such as
health, education, leisure, work and others (Bryceson et al., 2008, Faiz
et al., 2012). In addition, road networks are often built in various types
of landforms such as mountainous areas, hillsides, river terraces, and
areas near drainage networks. The distribution of these tracks in different
sectors of hillslopes and the tendency to cross drainage networks affect the
movement of water and sediment through the catchment (Luce; Wemple,
2001; Chappell, 2010).

Thus, roads have positive and negative effects, wherever they
are located. On the one hand, they are important for socioeconomic
development, especially, in developing countries (Faiz et al., 2012; Sidle;
Ziegler, 2012). On the other hand, they may cause several impacts on the
ecosystem, such as changes on the hydrogeomorphological processes,
surface runoff, subsurface flow interception, sediment production and
sediment transfer to aquatic systems (Luce, 2002; Baartman et al., 2013;
Thomaz et al., 2014).

Recent attempts have been made to make the roads more
harmonious with the environment, while at the same time integrating
the aesthetic principles to make them more attractive to users (Bryson et
al., 2008, Cheng et al., 2015). Even though, for a long time, the rural roads
were recognized as an important source of surface runoff and sediment
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production, playing a fundamental role in the river system connectivity
(Jones, 1981; Sidle; Ziegler, 2012).

The hydrological behavior of roads is key to understanding its effects
on the river basins dynamics. Although, the roads present very specific
problems in the field of slope hydrogeomorphology, they also exhibit a
great opportunity for the science advancement, through searching solution
to an important environmental problem and understanding the watersheds
processes from local to global scale (Bryan; Jones, 1997; Wemple et al.,
2001; Cunha; Thomaz, 2015).

In river catchments, rural roads are the focus of hydrogeomorphological
studies based on surface runoff, sediment production, and its transfer to
rivers (Luce, 2002; Baartman et al., 2013; Thomaz; Ramos-Scharrén, 2015).
However, an approach for the characterization of types of subsurface flow
intercepted by rural roads cuts and its spatial distribution along a catchment
remains scarce (Bryan; Jones, 1997; Luce, 2002).

The identification and characterization of the types of interception
of subsurface flow is important for understanding their active
mechanisms, particularly in areas in which the roads are abandoned or
have low frequency of use and maintenance (Furniss et al., 1997; Sidle;
Ziegler, 2012). In addition, anthropogenic pressures and organization of
the landscape is central to hydrological science research. Therefore, the
aim of this study is to identify and characterize the types of interception
of subsurface flow caused by rural road cuts associated to its spatial
distribution along a catchment.

Material and methods
Study area

This study was conducted in the Guabiroba River catchment in
Guarapuava, State of Parand, Brazil (Figure. 1). The catchment has an
area of 24 km? (2.400 ha), and its stream ordering is 4 in scale 1:10.000.
The predominant lithology of the study area is basalt of the Sao Bento
Formation (MINEROPAR, 2001). Four types of soil are present on the
surface cover: Oxisols, Cambisol Haplic, Lithic Leptosol, and Gleysol
(IUSS Working Group WRB, 2006). In addition, rock outcroppings are
present in some hillslope sections.
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Figure 1- Location of the study area in relation to the city of Guarapuava
Source: designed by the authors (2017).

Approximately 75% of the area of the headwater region has slope
between 12% and more than 30%. Koppen (1948) classified the climate
in the study area as mesothermal humid subtropical (Cfa). The mean
annual temperature is 17-18 °C; the rainfall is 1,800-2,000 mm; and
annual evapotranspiration is 900-1,000 mm (CAVIGLIONE et al., 2000).
The land use is not diverse, consisting mostly of secondary forest (53.9%),
pasture (19.9%), and reforestation (11.3%).

Spatialization and characterization of types of subsurface flow interception.

In this study, it was based on an empiric-cartographic-monitoring
scheme (Figure 2).
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Literature review:
Readings and observations on spatialization and characterization of subsurface flow:
drainage basin, slope, fluvial canal, rural roads.

!

Change:
Alteration of the environment caused by rural roads: connection slope x river.

!

Hypothesis:
The differentiated mechanisms of the hydrological functioning of intercepted areas can alter
the natural dynamics of the river basin, thus producing a smaller hydrological response than
through infiltration and internal flow transfer in the soil, acceleratingly connecting the slope
and the river.

I

Project:
Empirical-direct field observation - flow monitoring.

I

Direct field observation:
Identification, spatialization and characterization of types of subsurface flow interception
caused by rural cuts.

!

Measurement of data:
Data collection, organization and analysis.

]

Explanation and discussion:
Understanding the mechanisms of subsurface flow interception caused by rural cuts.

Figure 2- Theoretical-cartographic and monitoring scheme
Source: Organized by authors (2017).

The spatialization and characterization of the types of subsurface
flow interception caused by rural road cuts were carried out by a
preliminary identification of subsurface interception areas. We travelled
on all 130 km of rural roads in the study area (total road). The objective
was to observe and initially identify potential sites for interception of
subsurface flow by rural roads, such as sites presenting humidity and
water upwelling in the embankment and the roadbed, the presence of
vegetation such as ferns or rushes (i.e., plants that grow in moist sites),
and pipeline activity during rain periods (Figure 3).
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Figure 3- Identification of potential areas for interception of subsurface flow by rural roads. In
(a) saturated area, in (b) active pipe, in (c) water exfiltrated on the embankment of the road
Source: Organized by authors (2017).

Subsequently, the subsurface flow interception areas were
spatialized. Of the total number of roads covered, 20 subsurface flow
interceptions sites were recorded. It was registered that the potential
areas of subsurface flow interception were distributed in different sectors
of the slope, being the most common on three sections: valley bottom,
midslope and upper slope. In this phase, it was observed the frequency
of interception of the subsurface flow types.

It is, also, verified the characteristics of each type of the interception
flow with the areas where they were located such as: location on the slope
(toeslope, midslope or upper slope), shape of the terrain (concave, convex
or rectilinear) and the slope inclination (flat, moderate or hilly).

The subsurface interception sites along the road system, was
registered through a Global Positioning System (GPS) and with a
Cartographic Digital Base of 1:30,000 scale, made available by the
Guarapuava City Hall. The mapping of the landscape with the spatial
distribution of subsurface flow interception areas was performed with a
Geographic Information System (GIS), Quantum GIS version 2.18.5.

Jairosi (2001) informs that, with regard to geospatial data, the
standardization of symbology (features) can bring results such as the
mutual growth of the understanding of the geographical data in several
users collaborating with the cognitive process.

Therefore, different types of interception were identified and
characterized by specific nomenclature, as follows: 1- return flow, 2-pipe
flow and 3- saturated flow. This designation was based on the direct
observation of the characteristics that each subsurface flow presented
(Anderson; Burt, 1990; Knighton, 1998). The cartographic representations
in the present study are in accordance with the norms contained in the
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Technical Guide T 34-700, which was elaborated by the Direction of the
Geographical Service of the Brazilian Army (2000).

Results
Spatialization of interception subsurface flow sites

The total number, type of interception, and the residence time of
each flow differed among hillslope sectors (Table 1). Along the 130 km
roads surveyed, 20 sites of interception of subsurface flow were identified.
As mentioned previously the nomenclature was designated as: return
flow (7 occurrences), pipe flow (5 occurrences) and saturated troughflow
(8 occurrences). These interception areas are distributed in different
topographic sectors in the catchment (Figure 4).

Table 1. Spatialization of areas with interception of subsurface flow

Type of Location ontheroad | Predominant | Position on the Total of Flow time in
interception embankment landform slope interception consecutive days
observed after rain
1- Return flow | Fluvial terrace, or near Concave Toeslope 7 15
wetlands.
2- Pipe flow Road embankment on Straight Midslopes 5 10
midslopes.
3- Saturated Expelled on the road Convex Upper Slope 8 8
troughflow embankment at upper
slope.

Source: data worked by the authors (2017).
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Figure 4- Spatial distribution of types of subsurface flows that
occur in areas intercepted by rural roads cuts
Source: designed by the authors (2017).

The maintenance time of the intercepted flow refers to how many
days the flow remains with discharge after the precipitation cessation.
The time of permanence of the intercepted flow was highest in the return
flow, being active up to 15 consecutive days after the rain. In addition,
the flow residence time decreased from the valley floor to the ridge with
10 days in the pipe flow and 8 days in the saturated troughflow.

The return flow prevailed on the fluvial terrace and near wetlands
(valley bottom) (Figure 5a). It should be noted that these interception sites
are important in the generation of return flow near the drainage network.
The shape of the terrain is convergent-concave and is early characterized
by a hollow form conditioned by the subsurface flow toward the lower
terrain of these sites. Thus, local characteristics enhance the accumulation
and retention of water.

Pipe flow was present on roads predominantly located at midslope
(Figure 5b). The dominant terrain in these areas is divergent-rectilinear
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with dispersion of the subsurface flow. These conditions hamper the
appearance of drainage channels onsite and create a predominance
of local water infiltration into the soil. In the five assessed pipes, the
diameter between them varied widely with a mean of 14.4 = 20.1 cm. In
addition, perennial, intermittent, and ephemeral pipes were distinguished.
Two pipes had constant flows, indicating perennial pipes, whereas the
other three had flows that were restricted to periods of rain, indicating
intermittent pipes, or that occurred only during or shortly after the rains,
indicating ephemeral pipes.

It should be noted that the existing hydrologic connections within
the soil in these areas resulted in the transfer of water between separated
areas in the upper slope and river networks in the fluvial terrace. After
being intercepted by road cuts, the water in the subsurface flow rapidly
flows owing to low resistance caused by a lack of energy dissipation and
steepness of the embankment (20%). These conditions result in subsurface
flow with greater volume and that connected to the river channel.

Saturated troughflow prevailed on the road located at the upper
slope (Figure 5c). These areas have an abrupt transition from the upper
sector to the lower hillslope sector, or the fluvial terrace. The terrain is
divergent-convex, which, coupled with the presence of rock fragments,
results in the dissipation of water mainly in the longitudinal direction
of the rural road embankment. The primary effect observed in the
interception areas is that the water tends to expand laterally in the
embankment when it is exfiltrated by deep road cuts. In this situation,
the water is expelled parallel to the embankment and on the intersecting

roadbed.
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Figure 5- Conceptual model of the spatial distribution of the types of
interception of subsurface flow caused by rural roads cuts according
to the slope site and the steepness of the monitored areas
Source: Designed by the authors (2017).

The uniformity of the topographic gradient can assist the direction
of the flow. In the identified interception areas, a preferential direction
of water movement was noticeable. However, a preferred path for the
displacement in which such flow expands downslope was not detected.
As aresult, erosion occurred on the embankment and on the roadbed.
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Characterization of the types of interception of subsurface flow caused by rural
roads cuts

Return flow is subsurface flow interception that occurs in shallow
groundwater tables or saturated areas (i.e., return flow near a drainage
network). As result of the combined action of water exfiltration and
subsurface flow, the formation of a saturated shallow layer 3-15 cm in
thickness was observed next to waterways and valley bottoms with gentle
slopes (Figure 6a).

Pipe flow is the interception of punctual subsurface flow related to
the capture of underground drainage, particularly pipes or ducts. Pipes
are cavities in the ground, with preferential paths favoring the passage of
tubular water drainage channels in the soil. These interconnected ducts
are formed by the erosive action of subsurface flows dragging sediment
and by the activity of fauna and flora. These channels were found parallel
to the embankment of the road (Figure 6b).

Saturated troughflow is the interception of the subsurface water
flow (non-punctual) parallel to the slope that forms a water layer with an
average of 1-3 cm in depth and 300 m in length. This type of flow tends
to laterally follow the road embankment, particularly at deeper road cuts
(Figure 6c).
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Natural subsurface flow Altered subsurface flow

Figure 6- Characteristics of the types of interception of subsurface flow caused
by rural roads. In (a) road intercepting subsurface flow in the Return flow type
(prolonged saturation of the soil), in (b) road intercepting subsurface flow in the pipe
flow type (punctual interception), in (c) road intercepting subsurface flow in the
saturated troughflow type (water expelled parallel to the embankment), and in (d)
hypothetical scheme of interception of subsurface flow caused by road cuts.
Source: Figure (d) adapted from Furniss et al., (1997).

It is observed that the interrelationships between the areas and the
types of interception results primarily in interception of the subsurface
flow by the road cuts and, later, water transfer and redirection of the
concentrated flow into the river channel (connection with river).

The characteristics of each type of interception of the subsurface
flow by rural roads, evidenced an expressive contribution to the fluvial
flow. Therefore, it was observed a convergence among the three types of
subsurface flow intercepted, resulting in the connection of upper slope,
midslopes and toeslope areas.
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Discussion
Distribution of the subsurface flow interception along the catchment

In the study area, rural roads are important for the interception of
subsurface flow, particularly older roads with deeper embankments. The
locations of these road types in different hillslope sectors increase their
importance in hydrogeomorphological disturbances at the catchment
scale. Therefore, the interception of subsurface flow changes the natural
hydrology dynamics. The roads, through subsurface interception, affect
the movement of water and sediment, contributing to soil and hillslope
desiccation and rapid connection of the slope and river (Figure 7).

Rede de drenagem distribuida na paisagem e
interceptagéo de fluxos

>
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Terrago fluvial Meédia vertente Encostas superiores

{
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(redirecionamento e interceptagdo do fluxo)

U

[ Conexdo estrada- rede de drenagem }

Figure 7- Conceptual model representing the types of interception
of subsurface flow caused by rural roads cuts.
Source: designed by the authors (2017).

A clear difference was identified in the behavior of the type of
interception occurring on toeslope, midslope, and upper slope areas. The
interception of return flow occurs mainly in the river terrace areas near
the drainage network. In this case, the main effect generated is prolonged
soil saturation because water infiltration into the deeper soil layers is
hampered.
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In the interception of the pipe subsurface flow (midslope), no energy
dissipation occurs, and the water is quickly infiltrated. This causes the
formation of intermittent channels in the longitudinal direction of the
road, leading to interception of the flow subsurface. Bryan and Jones
(1997), Jones (1981), and Chappell (2010) reported that relief features with
steep embankments, moderately deep permeable soils, and the formation
of ducts are conditions for the flow of water in the subsurface at these
sites. This type of interception may create active pipes of a few or tens
of centimeters across with networks that can extend several meters into
the embankment.

The interception of saturated troughflow is characterized by
the predominance on the upper slopes (Wemple et al., 2001; Ziegler et
al., 2012). In this case, water is released gradually in the deeper road
embankment, where scattered drainage occurs parallel to the slope
through the existing soil porosity. This generally reacts to changes in
hydraulic gradients pressure. In this type of subsurface flow no hierarchy
is present; that is, there is no preferential flow path such as that occurring
in the pipe flow type (Terzaghi; Peck, 1966).

In the study area, the roads are old and have been deployed in
different topographical units, frequently with no consideration to the
adequacy of the terrain (Thomaz et al., 2104; Cunha; Thomaz, 2015).
In addition, owing to the linear nature of the roads and their tendency
to cross different types of topographic terrain, particularly drainage
networks, they strongly affect the movement of water and sediment (Luce;
Wemple, 2001; Ziegler et al., 2012).

As result, problems occur such as steep ramps with problematic
traffic conditions and unstable embankment, which, in addition to their
difficult maintenance often expose soil profiles that are susceptible
to erosion. The roads are embedded in the hillside with exposed
embankments also featuring tracks with no surface or subsurface drainage
control, a lack of vegetation in surrounding areas, and crossings of roads
and rivers (Wemple et al., 2001; Luce, 2002; Forman et al., 2003; Cunha;
Thomaz 2015; Thomaz; Peretto, 2016).
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Characteristics of the subsurface flow intercepted by rural roads cuts

In the studied area, rural roads are connected hydrologically to the
fluvial channels through the intersections, which serve as a pathway to
the concentrated subsurface flow entrance. These crossings of roads and
rivers occur on the entire catchment, however, in the fluvial terraces,
particularly, along the main roads, they are more frequent.

In saturated areas, there is a strong connectivity between the
intercepted flow the upper slope (saturated troughflow), resulting in the
sum with the flow at the midslope (pipe flow) and the intercept flow
on the valley (return flow). Luce and Wemple (2001) and Bracken (2013)
emphasize that this excess of intercepted subsurface flow is redirected
to the river channels, possibly contributing to the flow peaks.

Overall, more than 95% of the rainfall falling over a catchment
needs to pass on a hillslope before being transferred into a river channel
(Knighton, 1998). In addition, water can follow several hillslope paths to
reach a river, e.g., Hortonian overland flow, return flow, unsaturated and
saturated troughflow and pipe flow, and groundwater flow.

The response of catchment to hillslope flow processes is dependent
of the process type involved in the water transfer. Infiltration-excess
overland flow can generate a storm hydrograph in few hours or minutes
after a rain event. However, subsurface storm flow will display a lag time
of many hours or days to generate a storm hydrograph. In short, surface
runoff is faster than subsurface flow (Anderson; Burt, 1990).

Thus, the rural road cuts transform the entire intercepted subsurface
flow into the Hortonian flow (i.e., fast flow). In addition, the compacted
roadbed generates surface runoff, because the rainfall intensity exceeds
easily the soil water infiltration capacity. Moreover, in the study area
during rainstorms, the roadbed generates important infiltration-excess
overland flow ranging from 17% to 58% (Thomaz; Ramos-Scharrén, 2015).
The velocity of Hortonian overland flow ranges from 30 m/h* to 500 m/h?!
(Knighton, 1998). Therefore, the road network is crucial in the hydrograph
catchment response because it transforms most parts of slow hillslope
flow processes (subsurface flow) to faster flow processes (overland flow).

At some scale, the hydrogeomorphic connectivity on roads crossing
rural headwaters can affect the stream dynamics, and the storm flow
can be controlled completely by the road hydro-geomorphological
processes (Thomaz; Peretto, 2016). Thus, it is difficult to use a pristine
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hillslope hydrology approach for modeling the storm-runoff mechanism
in a catchment with highly active road networks. These differentiated
mechanisms of the hydrological functioning of can alter the natural
dynamics of the river basin, thus producing a smaller hydrological
response than through infiltration and internal flow just connecting the
slope and the river.

Conclusions

Generally, unpaved roads transform the subsurface flow in
Hortonian overland flow. The areas of interception of subsurface flow are
distributed in different slope sectors. Return flow is observed mainly on
the river terrace and wetlands where the interception of the flow occurs in
shallow groundwater tables or saturated areas near the drainage network.
The pipe flow dominates midslope areas, with one preferred way favoring
the passage of the water to be intercepted by road cut embankments. The
saturated troughflow is more frequently distributed in the upper slope
and is entrenched in the road embankment with water being laterally
exfiltrated.

The three types of identified flow display specific properties and
function mechanisms. Return flow is the result of exfiltration of soil
water and the sum of the intercepted subsurface flow. Pipe flow is the
interception that occurs through ducts interconnected in the soil with a
single preferential pathway. Finally, saturated troughflow occurs when
water is distributed parallel to the road embankment.

Rural roads play a key role in connecting separate areas of the study
area, thus altering the natural hydrological response of the catchment.
These roads intersect the subsurface flow and redirect it to the river
channels, resulting in more rapid hydrological response time compared
with subsurface water flow transferred through the soil.

Referéncias

ANDERSON, M.; BURT, T. Process Studies in Hillslope Hydrology. John Wiley
and Sons: Chichester, 1990. p. 539.

ATLAS geoldgico do estado do Parana. Curitiba: MINEROPAR, 2001. Available
from: <http:/www.mineropar.pr.gov.br/arquivos/File/MapasPDF/atlasgeo.pdf>.
Access on: 25 set. 2017.



ISSN: 1984-8501 Bol. Goia. Geogr. (Online). Goiania, v. 37, n. 3, p. 445-446, set../dez. 2017 4 4 5 | (<=1
3]
Artigo m

BAARTMAN, J. E. et al. Linking landscape morphological complexity and
sediment connectivity. Earth Surf. Process. Landf., v. 38, n. 12, p. 1457-1471,
2013. doi:10.1002/esp.3434

BRACKEN, L. J.; CROKE, J. The concept of hydrological connectivity and its
contribution to understanding runoff-dominated geomorphic systems. Hydrol.
Process.,v. 21, n. 13, p.1749-1763, 2007. Available from: <http:/onlinelibrary.
wiley.com/doi/10.1002/hyp.6313/pdf>. Access on: 23 jul. 2017.

BRACKEN, L. J. et al. Concepts of hydrological connectivity: Research approaches,
pathways and future agendas. Earth-Science Reviews., v. 119, n. 18, p. 17-34, 2013.
Available from: <https://doi.org/10.1016/j.earscirev.2013.02.001>. Access on: 23 jul. 2017.

BRYAN, R. B.;JONES, J. A. A. The significance of soil piping processes: inventory
and prospect. Soil Erosion Laboratory, University of Toromo, Scarborough, Ont.
M1C 1A4, Canadéa. Geomorphology., v. 20, n. 4, p. 209-218, 1997. Available from:
<https://doi.org/10.1016/S0169-555X(97)00024-X>. Access on: 23 jul. 2017.

BRYCESON, D. F.; BRADBURY, A.; BRADBURY, T. Roads to Poverty Reduction?
Exploring Rural Roads’ Impact on Mobility in Africa and Asia. Development
Policy Review v. 26, n.4, p. 459-482, 2008. doi:10.1111/j.1467-7679.2008.00418.x.

CAVIGLIONE, J. H. et al. Cartas climdticas do Parand. Londrina: IAPAR-Instituto
Agrondémico do Parana, 2000.

CHAPPELL, N. A. Soil pipe distribution and hydrological functioning within
the humid tropics: a synthesis. Hydrol. Process., v. 24, n.12, p. 1567-1581, 2010.
doi:10.1002/hyp.7634

CHENG, B. et al. Constructing China’s roads as works of art: a case study of
‘esthetic greenway’ construction in the Shennongjia region of China. Land
Degradation and Development., v. 26, n. 4, p. 324-330, 2015. doi: 10.1002/1dr.2210.

CUNHA, M. C.; THOMAZ, E. L. E possivel reduzir a turbidez da dgua em bacia
rural por Meio de implantagao de caixas de infiltragdo? Revista Brasileira de
Geomorfologia, Sao Paulo, v. 16, n. 4, p. 657-667, 2015. Available from: <http://
dx.doi.org/10.20502/rbg.v16i4.725>. Access on: 23 jul. 2017.

ESRI. Environmental Systems Research Institute. ArcGIS 10.2. [2013]. Available
from:< https://www.esri.com/en-us/home>. Access on: 25 set. 2017.

FAIZ, A. et al. Sustainable rural roads for livelihoods and livability. Procedia —
Social and Behavioral Sciences., v. 53, n.1, p. 1-8, 2012. Available from: <https://
doi.org/10.1016/j.sbspro.2012.09.854>. Access on: 23 jul. 2017.

FORMAN, R. T.; SPERLING.; D. BISSONETTE, J. A. et al. Road Ecology.
Washington: Island Press, 2003.
FURNISS, M. J.; LOVE, M.; FLANAGAN, S. A. Diversion Potential at Road-

Stream Crossings. United States Department of Agriculture Forest Service
Technology e Development Program, 1997.

TUSS WORKING GROUP WRB. World reference base for soil resources - a
framework for international classification, correlation and communication.
World Soil Resources Reports 103. Food and Agriculture Organization of the
United Nations, Rome, 2006.



«© | 4 4 6 Subsurface flow intercepted by rural roads: characteristics...
L.}
m Marcia Cristina da Cunha; Edivaldo Lopes Thomaz

JAIROSI, 1. Y. Digital Biodiversity Data Standards e Guidelines. Southern African
Biodiversity Support Programme, 2001.

JONES, A. A. The Nature of Soil Piping, a Review of Research. Norwich: Geobooks,
1981. p. 301.

KNIGHTON, D. Fluvial Forms and Processes: A New Perspective. New York:
Arnold, 1998.

KOPPEN, W. Climatologia. México: Fundo de Cultura Econémica, 1948.

LUCE, C. H. Hydrological processes and pathways affected by forest roads:
what do we still need to learn? Hydrol. Process., v.16, n.14, p. 2901-2904, 2002.
doi:10.1002/hyp.5061.

LUCE, C. H.; WEPLE, B. C. Introduction to special issue on hydrologic and
geomorphic of forest roads. Earth Surf. Process. Landf,, v. 2, n.8, p. 111-113, 2001.
d0i:10.1002/1096-9837(200102)26:2<111::AID-ESP165>3.0.CO;2-2.

SIDLE, R. C.; ZIEGLER, A. D. The dilemma of mountain roads. Nature
Geoscience., v. 5, n.7, p. 437-438, 2012.

TERZAGH]I, K.; PECK, R. B. Soil Mechanics in Engineering Practice. New York:
Wiley, 1966. p. 566.

THOMAZ, E. L.; PERETTO, G. T. Hydrogeomorphic connectivity on roads
crossing in rural headwaters and its effect on stream dynamics. Science of the
Total Environment., v. 550, n. 1, p. 547-555, 2016. Available from: <https://doi.
org/10.1016/j.scitotenv.2016.01.100>. Access on: 23 jul. 2017.

THOMAZ, E. L.; RAMOS-SCHARRON, C. E. Rill length and plot-scale effects
on the hydrogeomorphologic response of gravelly roadbeds. Earth Surf. Process.
Landf.,v.40, n.15, p. 2041-2048, 2015. doi: 10.1002/esp.3778.

THOMAZ, E. L.; VESTENA, L. R.; RAMOS-SCHARRON, C. E. The effects of
unpaved roads on suspended sediment concentration at varying spatial scales
- a case study from Southern Brazil. WEJ (Hertford).,v. 28 n.4, p. 547-555, 2014.
doi:10.1111/wej.12070.

WEMPLE, B. C.; SWANSON, F. J.; JONES, A. A. Forest roads and geomorphic
process interactions, Cascade Range, Oregon. Earth Surf Process. Landf., v.
26, n. 2, p. 191-204, 2001. Available from: < http:/onlinelibrary.wiley.com/
doi/10.1002/1096-9837(200102)26:2%3C191::AID-ESP175%3E3.0.CO;2-U/
abstract >. Access on: 23 jul. 2017.

ZIEGLER, A. D. et al. Towards better design and management of tsunami
evacuation routes: a case study of a Jak Beach Road. Geol. Soc. Special. Publ.
London, v. 361, n. 4, p. 107-114, 2012. Available from:< http://dx.doi.org/10.1144/
SP361.9>. Access on: 23 jul. 2017.

Received for publication on August 03, 2017
Accepted for publication September 21, 2017



