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Abstract 

Piping is an important land degradation process that occurs in almost all climatic 

zones. This study analyses for the first time the frequency-size distribution of different types 

of pipe collapses (PCs): sinkholes and compound depressions related to the coalescence of 

sinkholes (compound sinkholes and elongated blind gullies). Exploring the frequency-size 

relationships of PCs provides critical morphometric information about this hazardous erosion 

and ground-stability process, as well as its impact on hillslope denudation, hillslope-channel 

coupling and landscape development. The analysis has been performed with field-based 

inventories of PCs from five catchments located in two different morphoclimatic 

environments: one in the semi-arid Ebro Depression, NE Spain (Valpalmas catchment), and 

four in the humid Bieszczady Mts., SE Poland. In total, 724 PCs were mapped, among which 



2 

 

335 PCs in Valpalmas and 389 PCs in the Bieszczady Mts. The morphometric analyses were 

based on the major axis (the maximum length or width) and area of the PCs. Despite 

differences between study areas from NE Spain and SE Poland (related to climate conditions, 

rainfall regime, soil water storage capacity, spatial pattern of pipe networks, vegetation cover 

and land use), empirical cumulative frequency curves of PCs show similar patterns in all 

study sites indicating similar overall effects of piping erosion. The size distribution of the 

inventoried PCs can be modelled satisfactorily with logarithmic functions with high goodness 

of fit values (R2≥0.93) for each type of PC and the combined set of PCs (sinkholes and 

compound sinkholes/blind gullies) mapped in each area and in the five catchments together. 

The PCs mapped in Valpalmas are displaced towards larger dimensions attributable to local 

factors. The applicability and limitations of frequency-size relationships of PCs for 

geomorphological studies and hazard assessment are discussed.  

 

Keywords piping; subsurface erosion; sinkholes; magnitude-frequency 

 

1. Introduction 

Piping is a widespread process that occurs in almost all climatic zones and under 

various pedological conditions (Bernatek-Jakiel and Poesen, 2018). It involves the formation 

of underground channels (pipes) by internal erosion that may lead to the occurrence of 

hazardous pipe-roof collapses at the surface (Boucher, 1990; Wilson et al., 2017a; Bernatek-

Jakiel and Poesen, 2018). Piping impacts landscape evolution, mainly through initiating and 

transforming gully networks (e.g., Bernatek-Jakiel and Wrońska-Wałach, 2018), especially in 

badland areas (Gutiérrez et al., 1988; Desir and Marín, 2011; Faulkner, 2013). It also affects 

sediment and hydrological connectivity (Wilson et al., 2017b; Bernatek-Jakiel and Poesen, 

2018). It is a soil-erosion hazard that may cause significant detrimental effects, such as the 
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loss of croplands (Watts, 1991; Bíl and Kubeček, 2012) and pastures (Verachtert et al., 2011; 

Bernatek-Jakiel et al., 2017), as well as the destruction of engineering structures (Selby, 1993; 

Richards and Reddy, 2007; Nadal-Romero et al., 2011). A compilation of reports carried out 

in different parts of the world suggests that piping has contributed to 37% of the earth-dam 

failures (Singh, 1996). Von Thun (1996) indicates that in the Western US, 60% of the earth 

dams higher than 15 m have failed due to piping. Piping contributes to land degradation and 

the reduction of agronomic productivity mainly by soil loss and the disturbance of the ground 

surface through the formation of pipe collapses (PCs) (Verachtert et al., 2011; Zhu, 2012; 

Bernatek-Jakiel et al., 2017; Bernatek-Jakiel and Poesen, 2018). Reported piping-related soil 

loss rates vary significantly; between less than 1 t ha−1 y−1 in the US (Zhang and Wilson, 

2013), 33 t ha−1 y−1 in the Loess Plateau, China (Zhu, 2003), and a maximum of 550 t ha−1 y−1 

estimated for a spatially-restricted area in Spain (Romero-Díaz and Ruiz-Sinoga, 2015). It 

should be bear in mind that the data on soil loss rates due to piping may be derived from 

different calculation methods. Some authors (e.g., Zhang and Wilson, 2013; Romero-Díaz and 

Ruiz-Sinoga, 2015) calculated soil loss related only to PCs, whereas others (e.g. Zhu, 2003) 

consider also volumes of soil pipes (underground channels). The size range of PCs also vary 

depending on the region, even under the same climatic conditions (Bernatek, 2015), which 

can be attributed to local factors controlling piping erosion, e.g., soil properties (Bernatek-

Jakiel et al., 2016), land use (Jones, 1971; Löffler, 1974; Nazari Samani et al., 2009; Wilson, 

2011; Bernatek-Jakiel et al., 2015, 2017; Wilson et al., 2015, 2016) or existing macropores 

(Farifteh and Soeters, 1999; Frankl et al., 2016). For instance, in the Outer Western 

Carpathians (Czechia) PCs diameters range from 0.18 m to 5.10 m (Hořáková, 2007), in the 

Flemish Ardennes (Belgium) from 0.1 m to 4.5 m (Verachtert et al., 2010) and in North-

eastern Iran from 0.32 m to 40 m (Hosseinalizadeh et al., 2019). However, given only the 

diameter of PCs can be insufficient in some areas and leads to ignoring their shape, which are 
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often irregular. It is recommended to provide the information on the length and width of PCs. 

The length of PCs is understood as an axis measured in accordance with the slope and water 

flow direction (i.e., the elongation of landform) and the width is an axis perpendicular to the 

length of PCs. In many cases the length of PCs is also the major axis, but in some cases the 

width may be bigger than length. The major axis indicates the maximum possible extension of 

PCs (length or width), and together with the area of PCs it reflects the maximum extent of 

land degraded due to the pipe roof collapse. Exploring the magnitude-frequency (MF) 

relationships of PCs (in this study referring to major axis and area) may provide critical 

morphometric information about this scarcely investigated erosion process, and its impact on 

hillslope denudation, hillslope-channel coupling and landscape development. Moreover, MF 

relationships offer essential quantitative data for assessing piping hazards and managing the 

associated risks. 

PCs are surface indicators of piping erosion that occurs underground. Until now, 

mapping PCs is the most common method to study piping, although it may lead to the 

underestimation of piping scale up to 50% (Bernatek-Jakiel and Kondracka, 2016). However, 

there is no satisfactory method to map subsurface pipe network that can be reliable and allow 

the prediction of the formation of soil pipes (Wilson et al., 2017a; Bernatek-Jakiel and 

Poesen, 2018). The recent attempts made to predict areas prone to piping erosion were based 

on the analysis of factors controlling the occurrence of PCs (Hosseinalizadeh et al., 2018, 

2019), and they did not address the problem of the extent of subsurface pipe network. This 

study focuses on the PCs as the most evident and clear effects of piping which not only 

change the landscape and hillslope hydrology, but also pose a risk for land management. 

The first well-established MF relationship related to hazardous geological processes 

was proposed by Gutenberg and Richter (1954), who found an exponential relation between 

earthquake magnitude and cumulative frequency (the Gutenberg-Richter law): 
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logN = a – bM,           (1)  

where N is the cumulative number of earthquake events with magnitudes equal or greater than 

M (magnitude), and a and b are constants. Note that the earthquake-magnitude scales (i.e., 

energy released by an earthquake) follow an exponential progression. In the field of 

geomorphology, Wolman and Miller (1960) noticed that the MF relationships of many natural 

processes of geomorphic significance (e.g., floods, rainfall, wind speed) approximate to a log-

normal distribution. The interest on this type of relationships increased in the 1980s, inspired 

by the work of Mandelbrot (1983) about fractal theory in nature, later expanded and 

summarized by Turcotte (1997). MF relationships have been applied to a number of 

geohazards (Corral and González, 2018): earthquakes (Gutenberg and Richter, 1954; 

Nishimura et al., 2016), floods (Hooke, 2015; Cloete et al., 2018; Mangini et al., 2018), 

sinkholes (Galve et al., 2011; Taheri et al., 2015; Gutiérrez and Lizaga, 2016; Gutiérrez et al., 

2016, 2019), and different types of landslides (Malamud et al., 2004; Van Den Eeckhaut et al., 

2007; Catani et al., 2016), including submarine landslides (Urgeles and Camerlenghi, 2013; 

Casas et al., 2016), debris flows (Hungr et al., 2008; Liu et al., 2008; Colombera and 

Bersezio, 2011; Dahl et al., 2013) and rockfalls (Corominas et al., 2018). They have been also 

applied in soil erosion studies to analyse soil loss related to rill erosion (De Ploey et al., 1991; 

Boardman and Favis-Mortlock, 1999; Boardman, 2003; Evans et al., 2016; Steinhoff-Knopp 

and Burkhard, 2018). Empirical data are fitted to various types of regression functions, such 

as double Pareto, inverse gamma or power-law functions, although the latter is the one that 

has attracted the most attention (Clauset et al., 2009). Commonly, the aim of MF relationships 

in hazard-assessment studies is to identify a theoretical temporal probability function that can 

statistically describe with an acceptable goodness of fit the empirical data on the rate of 

occurrence of events with different magnitudes. These regressions, frequently called hazard 
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curves, are used for estimating the probability of occurrence of events with a magnitude equal 

or larger than a given magnitude (probability of exceedance). 

Numerous empirical datasets of various geomorphic processes (e.g., landslides) follow 

power-law frequency-size distributions (Guzzetti et al., 2002), at least for a certain range of 

magnitude values (Heckmann, 2007; Clauset et al., 2009; Corral and González, 2018). The 

power-law distribution is expressed as: 

f(x) = a xk            (2) 

where a and k are constant values, so-called proportionality constant and exponent (scaling 

parameter), respectively. The exponent is the slope of the straight regression line plotted on a 

log-log graph.  

Some authors have argued that the power-law behavior of geomorphic processes is a 

consequence of self-organized criticality (Malamud and Turcotte, 1999), a concept introduced 

by Bak et al. (1988). This notion assumes that many systems are driven to a state (critical 

points) in which energy is dissipated in events which follow a power-law frequency-size 

distribution (Bak et al., 1988; Bak, 1996; Pelletier et al., 1997; Malamud and Turcotte, 1999). 

Such systems self-organize to the critical point or, in other words, they display self-organized 

criticality (Newman, 2005). The points of the regression from which empirical data is no 

longer satisfactorily modelled by the power-law function are commonly called the cut-off 

points or the rollover points (Guthrie and Evans, 2004; Clauset et al., 2009; Corral and 

González, 2018). Corral and González (2018) emphasized that for many processes, only part 

of the size or magnitude distribution follows a power-law scaling, because the smallest events 

are too tiny to be detected (incomplete inventories) and the largest ones are limited by the 

system size (“finite-size effects”). These cut-off values have been discussed in surface soil 

erosion (Boardman and Favis-Mortlock, 1999; Favis-Mortlock et al., 2011) and landslide 

studies (Tanyaş et al., 2018). However, this issue remains questionable and controversial, as 
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for instance, a lower cut-off for small events can be attributed not only to an artifact of 

mapping resolution and detection problems (e.g., small landforms may be obscured by 

vegetation in growing season), but also to physical constraints (e.g., Guzzetti et al., 2002). 

This work explores the frequency-size relationships of PCs inventoried in five areas 

with contrasting climatic conditions; one in semi-arid Spain and the rest in a humid region of 

Poland. According to our literature review, this is the first study that presents this type of 

scaling relationships for piping-related collapse depressions. The specific objectives are: (1) 

to characterize and compare the size distribution of PCs in different environments, (2) to 

check whether MF relationships of PCs follow a power-law distribution as it has been proven 

for many natural phenomena under a wide variety of conditions; and (3) to assess and 

compare the goodness of fit of the regression in the different morphoclimatic regions and 

discuss about their applications and limitations. The drivers for the current analysis include 

the need to quantify PC hazards and to better understand piping erosion in different 

morphoclimatic regions.  

 

2. Study area 

The analysis of MF relationships was based on cartographic inventories with 

morphometric data of PCs from five catchments located in two different morphoclimatic 

environments (Table 1, Fig. 1): one in a semi-arid and sparsely vegetated region (Valpalmas, 

Spain), and four in temperate and densely vegetated areas of the Bieszczady Mountains in SE 

Poland (Tyskowa, Bereźnica, Cisowiec and Bandrów). 

 

Table 1. Main characteristics of the studied catchments 

Location Catchment Catchment 

area (ha) 

Vegetation  Soils  Climate  Mean annual 

precipitation 

(mm) 

Mean annual 

temperature 

(°C) 
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NE Spain Valpalmas  134 agricultural 

land, 

shrublands 

Rendzina Litosols, 

Calcic-Rendzina 

Cambisols 

 semi-arid  500 13 

SE Poland Tyskowa  520 grassland, 

forest 

Stagnic Cambisols, 

Endogleyic 

Cambisols, Gleysols 

 temperate  900 7 

  Bereźnica  305 grassland, 

forest 

Stagnic Cambisols, 

Endogleyic 

Cambisols, Gleysols 

 temperate  900 7 

  Cisowiec  388 grassland, 

forest 

Stagnic Cambisols, 

Endogleyic 

Cambisols, Gleysols 

 temperate  900 7 

  Bandrów  103 grassland, 

forest 

Stagnic Cambisols, 

Endogleyic 

Cambisols, Gleysols 

 temperate  900 7 

 

2.1. Valpalmas (NE Spain) 

The Valpalmas catchment is located in the Ebro Cenozoic Basin in NE Spain, which is 

the southern foreland basin of the Pyrenees (Fig. 1). Here, the Tertiary bedrock consists of 

mudstones with interbedded tabular sandstone layers deposited in alluvial fan environments 

dominated by sheet floods. The laterally extensive sandstone beds form the caprock of mesas 

and stepped structural surfaces. The valleys of the catchment are largely filled by thick 

massive and planar-bedded cohesive clayey silts that reach > 8 m in thickness (Ferrer et al., 

2017). These fine-grained facies interdigitate with gravelly colluvium at the margins of the 

valleys. The top of this Holocene valley fill, deeply dissected by the currently active gullies, 

form extensive gently sloping aggradation terraces that may be perched as much as 8 m above 

the thalweg. Minor younger terraces, generally about 2-4 m above the channel, are inset into 

the main terrace surface. A portion of the valley fill displays a dramatic network of 

interrelated pipes, pinnacles and gullies, designated as the Aguarales de Valpalmas, which 

was declared Site of Geological Interest by the Aragón Government in 2015. 

The elevation in Valpalmas catchment range from 464 to 629 m a.s.l. The hillslopes 

display Rendzina Litosols, whereas Calcic-Rendzina Cambisols prevail in the footslopes 

(CNIG, 2007). The vegetation has been heavily affected by human activity. Agricultural lands 
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cover 22% of the catchment area, 73% are covered by shrublands dominated by Rosmarinus 

officinalis and Thymus vulgaris (SIOSE, 2014; Ferrer et al., 2017) and 2% are bare badlands. 

The climate is semi-arid with a mean annual temperature of 13°C, and a mean annual 

precipitation of 500 mm, distributed mainly as heavy storms in spring and autumn (Ferrer et 

al., 2017). 

There are no detailed studies addressing the factors that control piping processes in the 

study site, which have a very significant geomorphic imprint, especially along the scarped 

edge of the Holocene terraces. It seems that the increasing hydraulic gradient induced by the 

incision and headward expansion of the trunk stream, as well as some physical (e.g., high silt 

and clay content) and chemical (e.g., high sodium and CaCO3 content and low organic matter 

content) properties of the valley-fill deposits play a significant role on piping activity (Ferrer, 

2016; Ferrer et al., 2017).  

 

2.2. The Bieszczady Mountains (SE Poland) 

The Tyskowa, Bereźnica, Cisowiec and Bandrów catchments are located in the 

Bieszczady Mountains, which are part of the Outer Eastern Carpathians (Fig. 1). These are 

mid-altitude mountains that cover more than one climatic and vegetation belt, but do not 

surpass the treeline. They are underlain by folded Tertiary flysch facies (the so-called 

Carpathian Flysch), consisting of alternating sandstone beds of variable thickness and shales 

and mudstones. The topography shows a prevailing NW-SE grain, with parallel ridges 

developed on resistant sandstones (the Krosno and Cisna Formations), and valleys carved into 

less resistant shale and mudstone units (Haczewski et al., 2007). In the study sites, Cambisols 

developed on well-drained hillslopes (Kacprzak, 2003; Skiba and Drewnik, 2003; Bernatek-

Jakiel et al., 2016), whereas the areas with high soil moisture content display Stagnic 

Cambisols, Endogleyic Cambisols or even Gleysols. The slope deposits consist of clayey 
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sediment affected by solifluction and aeolian silts (Kacprzak et al., 2015). The vegetation 

cover consists mainly of forest (i.e., broadleaf and mixed forest with predominance of beech, 

occasionally associated with spruce) and grasslands. The climate is temperate with mean 

annual temperatures of 7°C, and a mean annual precipitation of 900 mm. 

Piping processes are mainly controlled by the combination of biological activity and 

soil properties. Macropores, related to the aggregated soil structure as well as faunal and 

vegetation (root) activity, facilitate water percolation down the soil profile favouring pipe 

formation (Bernatek-Jakiel et al., 2016). Additionally, the high silt content (60%), well-

developed soil structure, low bulk density, and high porosity fosters internal erosion and the 

formation of pipes (Bernatek-Jakiel et al., 2016). 

 

Fig. 1. Location of the study sites: A: within Europe, B: the Valpalmas catchment in NE Spain 

(1), C: the Cisowiec (2), Bereźnica (3), Tyskowa (4) and Bandrów (5) catchments in SE 
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Poland. Photographs D and E illustrate the landscape of Valpalmas and the Bieszczady Mts. 

(Tyskowa), respectively (photos: A. Bernatek-Jakiel). 

 

3. Methods 

This investigation explores MF relationships considering morphometric parameters 

(major axis and area) of the inventoried PCs, i.e., frequency-size relationships of landforms. 

The major axis is the maximum length or width of PCs and the area of PCs is the area of 

surface degraded due to the pipe roof collapse. The analysed collapse depressions may have a 

complex evolution including (1) the occurrence of single-event PCs; (2) the expansion of the 

collapse sinkholes by mass wasting and water erosion processes; and (3) the coalescence of 

adjoining PCs resulting in the formation of compound depressions. The latter process entails 

an increase in the size of the depressions and a reduction in their number. 

Cartographic inventories of PCs were constructed for the five study areas by detailed 

field surveying. The catchments located in SE Poland were mapped in 2012-2013, with some 

updates in 2015-2016, and Valpalmas catchment in 2018. The identified piping landforms 

were described following the classification proposed by Verachtert et al. (2010), and modified 

by Bernatek (2015) and Bernatek-Jakiel and Poesen (2018). Two types of PCs were analysed 

in this study: sinkholes and compound sinkholes resulting from the coalescence of adjacent 

sinkholes (Fig. 2). 
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Fig. 2. Examples of pipe collapses mapped in the Bieszczady Mts. and the Valpalmas 

catchment. A and B: scarp-edged collapse sinkholes (PCs), C: elongated compound sinkhole 

(blind gully), D: large compound sinkholes resulting from the coalescence of several PCs 

(photos: A. Bernatek-Jakiel). 

 

Sinkholes (Fig. 2A and B) develop when the surface is clearly ruptured by pipe-roof 

collapse, resulting in hollows with vertical or nearly vertical walls. These sinkholes can 

rapidly grow by mass wasting and water erosion processes and merge with nearby holes 

generating compound sinkholes. 

Blind gullies (Fig. 2C) are a type of compound sinkhole that develop when a section of 

an underground pipe collapses, typically by multiple collapse events, resulting in elongated 

depressions that function as blind gullies. These are gully-shaped compound sinkholes related 

to the coalescence of a row of sinkholes associated with a specific pipe that end in a pipe inlet. 

Blind gullies were identified in the Bieszczady Mts., where the piping systems generally 

consist of a main pipe and PCs develop along the trace of this pipe. In the Ebro Depression 
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(Valpalmas) the term “compound sinkholes” was used (Fig. 2D). These are large depressions 

related to the coalescence of multiple collapses, but their shape is more complex and less 

linear than the blind gullies of the Bieszczady Mts. (Fig. 2C). Sinkholes, blind gullies and 

compound sinkholes, collectively termed PCs in this work, are closed depressions generated 

by collapse processes with no surface drainage connection between them and the gully/valley 

system.  

In the Bieszczady Mts. all PCs were inventoried, regardless of their size. In 

Valpalmas, the scarce number of holes smaller than 0.5 m in major axis was omitted, since 

they were difficult to differentiate from cracks related to mass movements. Moreover, in the 

Valpalmas catchment, the protected area of the Aguarales de Valpalmas, covering 1.6 ha and 

with an intricate network of fragile PCs and pinnacles, was not surveyed due to access 

limitations. The position of all PCs was recorded using hand-held global positioning system 

(GPS) receivers with accuracy <3 m (Garmin GPSMap 62s in Poland and Garmin Oregon 

400t in Spain). Their dimensions, including the major axis, width and depth were measured 

using a measuring tape. 

The analysis of MF relationships in this study considers the surface indicators of 

piping erosion, i.e., PCs and their morphometric parameters: major axis (m) and area (m2) 

reflecting the land surface already destroyed due to this subsurface erosion process. The major 

axis is the length measured between the two most distant points of the PC perimeter (i.e., 

maximum length or width of PC). The area of the PCs was estimated using the equations 

proposed by Bernatek-Jakiel et al. (2017). The area of the compound sinkholes, typically 

circular or oval (Fig. 2C), was estimated using the same procedure as that used for sinkholes. 

The volume of the PCs was not analysed, since this parameter is difficult to estimate and is 

largely controlled by local factors such as the stratigraphy of the deposits and the depth of the 

controlling base level (Bernatek, 2015). For instance, in Valpalmas the sinkholes developed in 
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high terraces were deeper than in low terraces, since the adjacent thalweg controls how deep 

piping may propagate below the ground surface. The volume of PCs is an important indicator 

of piping erosion as it allows the estimation of soil loss. There is a high need to develop a 

technique that enables accurate way to calculate it, e.g., photogrammetry (e.g., Frankl et al., 

2015).  

In the MF curves, the different types of PCs (sinkholes, blind gullies/compound 

sinkholes) were considered both jointly and separately. The frequency may be expressed in 

different ways such as number of features, cumulative frequency (Guzzetti et al., 2002) or as a 

frequency density (i.e., number of landforms of a given size divided by the size of the bin) 

(Guzzetti et al., 2003; Malamud et al., 2004). In this study we consider the number of features 

equal or larger than a given size (major axis or area), as well as the cumulative frequency 

expressed as the proportion of PCs equal or larger than a specific size. The distributions were 

plotted on graphs with normal, semi-log axes and log-log axes. 

This study did not consider underground soil pipes (i.e., underground channels) 

because of the methodological difficulties in their detection and measurements (e.g., 

Bernatek-Jakiel and Kondracka, 2016; Wilson et al., 2017a). Moreover, soil pipes in both 

regions (NE Spain and SE Poland) are almost inaccessible and often not clearly visible in the 

bottom of PCs. In SE Poland the size of soil pipes is often too small to get into them (i.e., the 

width and height of pipe inlets and outlets are around 0.30 m), whereas in NE Spain the size 

variation is very high (from few centimetres to > 1 m), but the complexity of subsurface 

network and the instability of deposits makes the exploration dangerous and unfeasible. 

 

4. Results 

4.1. Size distribution of pipe collapses mapped in NE Spain and SE Poland 
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In total, 724 PCs were mapped, among which 335 in Valpalmas and 389 in the four 

catchments of the Bieszczady Mts. (Table 2). The largest number of PCs was recorded in 

Valpalmas and the smallest in Bandrów (Table 1). The density of PCs was 2.53, 0.28, 0.22, 

0.32 and 0.53 PCs/ha in the Valpalmas, Tyskowa, Cisowiec, Bereźnica and Bandrów 

catchments, respectively. The major axis of most sinkholes in all the catchments was lower 

than 5 m. The average major axis in the Polish catchments (0.63-1.01 m) is 2.1-3.4 times 

smaller than in Valpalmas (2.16 m), despite PCs smaller than 0.5 m were obviated in the latter 

site. In all the study sites, compound sinkholes/blind gullies are the biggest landforms and 

show the broadest size variation (Fig. 3). The compound sinkholes in Valpalmas reach much 

larger dimensions than the blind gullies in Poland. The area of the PCs shows the same pattern 

as the major axis, with larger dimensions in Valpalmas (see Supplementary material A). 

 

Table 2. Number of pipe collapses (PCs) mapped in NE Spain and SE Poland 

Location Catchment Sinkholes Blind gullies/ 

compound 

sinkholes 

Total number 

of PCs 

Total area 

of PCs (m2) 

Density of PCs  

by number of 

PCs (PCs/ha) 

by area (% 

affected by 

PCs) 

NE Spain Valpalmas 244 91 335 4169.69 2.53 0.3149 

SE Poland Tyskowa 106 38 144 292.95 0.28 0.0056 

 Cisowiec 51 16 67 117.68 0.22 0.0030 

  Bereźnica 100 23 123 218.15 0.32 0.0072 

  Bandrów 40 15 55 175.61 0.53 0.0170 
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Fig. 3. Boxplots illustrating the number of pipe collapses (PCs) in terms of major axis (Ma) in 

the different catchments. The green boxplots refer to sinkholes, whereas the blue boxplots to 

compound sinkholes/blind gullies (the colours of PCs are the same as in Figs. 4 and 6). (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.)  

 

The datasets of PCs are characterized by heavy-tailed distribution (Table 3). The high 

positive values of skewness indicate that the distribution of PCs in the study sites is 

asymmetrical with a long tail to the right. The majority of PCs are small and medium. 

Moreover, the distribution is leptokurtic (Table 3), with high kurtosis values indicating 
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infrequent extreme sizes (outliers), which is mainly observed in Valpalmas, Tyskowa and 

Bereźnica. 

 

Table 3. Statistical parameters derived from the morphometric data (major axis and area) of 

the inventoried PCs in the different catchments. The orders of magnitude have been calculated 

with the formula log10 (maximum values/minimum value). 

Location Catchment Major axis (m) Area (m2) 

Ska Kb Mean Max Min Orders of 

magnitude 

Ska Kb Mean Max Min Orders of 

magnitude 

NE Spain Valpalmas 3.33 16.79 3.81 33.6 0.5 1.8 4.71 32.54 12.45 269.0 0.137 3.3 

SE Poland Tyskowa 3.19 15.26 1.74 14.6 0.1 2.2 4.99 34.30 2.03 36.5 0.008 3.7 

  Cisowiec 2.10 6.67 1.45 8.0 0.2 1.6 2.69 9.76 1.76 16.8 0.180 2.0 

 Bereźnica 2.94 11.84 1.61 13.0 0.1 2.1 3.44 15.25 1.77 22.8 0.008 3.5 

  Bandrów 2.10 8.33 2.07 12.5 0.1 2.1 2.16 7.76 3.19 24.6 0.008 3.5 

a Skewness, b Kurtosis 

 

The number of orders of magnitude of the recorded major axes varies from 1.6 to 2.2, 

and from 2.0 to 3.7 for the area (Table 3). The Cisowiec catchment shows the tighter range for 

both size dimensions. The estimated areas in the rest of the catchments cover more than three 

orders of magnitude, influenced by a large maximum in Valpalmas (269 m2) and a very small 

minimum value in the Bieszczady Mts. (0.008 m2).  

 

4.2. Empirical cumulative frequency curves of pipe collapses 

The MF relationships have been explored plotting the major axis of the PCs against 

the number of PCs equal or larger than major axis in each catchment. Graphs have been 

produced for each type of PC (i.e., sinkholes and compound sinkholes/blind gullies) and 

combining the two types of PCs (Fig. 4). The empirical data in all the graphs are well 
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modelled by power-law distribution of the major axes, with a general exponential increase in 

the number of PCs as the major axis decreases. The empirical data can be fitted to logarithmic 

functions with high goodness of fit (R2=0.92-0.98). The area of the PCs shows the same 

pattern as the major axis and similar values for the goodness of fit (see Supplementary 

material B). 

The size distribution of the PCs has been also explored plotting on semi-log graphs the 

cumulative frequency of PCs in each catchment against the major axis and the area of the PCs 

(both parameters in logarithmic scale). Graphs were produced for each type of PCs and for an 

aggregate sample combining the two types (Fig. 5). The empirical data show an overall linear 

trend, that can be modelled by logarithmic functions (natural logarithm) with correlation 

coefficients (R2) ranging from 0.89 to 0.98. In general, for small size ranges, empirical data 

show deviations from the regressions in the upper and lower cumulative frequency (upper and 

lower cut-offs). The cumulative frequency for the smaller dimensions is lower than that 

predicted by the regressions. In contrast, the empirical cumulative frequency for the larger 

sizes is over-predicted by the regressions. Comparing the sizes at cumulative frequency equal 

to 0.5 has revealed that 50% of PCs are characterized by the major axis smaller or equal to 

0.90 m (ranging from 0.7 to 1.1 m in four catchments) and area up to 0.44 m2 (ranging from 

0.28 to 0.60 m2 in four catchments) in the Bieszczady Mts., and 2.5 m and 3.28 m2, 

respectively, in Valpalmas. Interestingly, there are not significant variations in the goodness 

of fit obtained for each type of PC and for the complete dataset that combines the two types. 

For instance, for the major axis, the correlation coefficient slightly decreases in Valpalmas, 

Cisowiec and Bereźnica, but increases in Bandrów. 
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Fig. 4. Graphs plotting the major axis (Ma) and number of PCs (N) equal or larger than Ma. 

The graphs show the size distribution of each type of PCs and that of the complete dataset of 

PCs in each area. Empirical data have been adjusted to logarithmic functions. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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Fig. 5. Semi-log graphs plotting the cumulative frequency (Fc) versus major axis (Ma) and 

area (A) of each type of PC and of the complete dataset of PCs in the different catchments. 

Empirical data have been fitted to logarithmic functions. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 

 

In order to explore the size distribution of PCs regardless of their geographical 

distribution and as a general land-degradation hazard, all inventoried PCs from Spain and 

Poland have been analysed together. Fig. 6 shows semi-log graphs plotting the major axis and 

the area in logarithmic scale versus the cumulative frequency of the combined set of 

sinkholes, compound sinkholes/blind gullies and all PCs inventoried in all the catchments. 
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The empirical data, fitted to logarithmic functions, show: (1) deviations from the regressions 

in the extreme zones of the size distributions; (2) similar correlations coefficients for the 

major axis and the area; (3) slightly lower fit for the datasets that combine the two types of 

PCs.  

 

Fig. 6. Semi-log graphs plotting the cumulative frequency (Fc) versus major axis (Ma) and 

area (A) of each type of PC and of the complete dataset of PCs from the five catchments. 

Empirical data have been fitted to logarithmic functions. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 

 

5. Discussion 
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5.1. Size distribution of PCs in different environments 

The analysis of the inventoried PCs in the five catchments reveal that the frequency 

distribution of the sizes (major axis and area) can be modelled satisfactorily with logarithmic 

functions, indicating a general power-law distribution. The logarithmic regressions show high 

goodness of fit values (R2 ≥ 0.93) for each type of PC and the combined set of PCs (sinkholes 

plus compound sinkholes/blind gullies) mapped in each area (Fig. 5) and in the five 

catchments combined across different climatic and vegetation conditions (Fig. 6). It suggests 

that despite many differences between SE Poland and NE Spain (Table 1) the frequency 

distribution of the sizes are characterized by similar pattern modelled by logarithmic 

functions. 

In Valpalmas, PCs show significantly higher spatial frequency. Here, the computed 

density of PCs is 2.53 PCs/ha, in contrast with the densities of the Polish catchments which 

ranged from 0.22 to 0.53 PCs/ha (Table 3). Moreover, sinkholes and compound sinkholes in 

Valpalmas are significantly larger than the sinkholes and blind gullies of the Polish 

catchments. The empirical data and regressions for major axis and area plotted in Fig. 5 show 

similar trends for the different catchments, but displaced towards larger dimensions in the 

case of Valpalmas. The average major axis and the average area of the PCs in Valpalmas are 

3.81 m and 12.45 m2, respectively, whereas these values range from 1.45 to 2.07 m and 1.76 

to 3.19 m2 in the catchments of the Bieszczady Mts. (Table 3). 

The larger size and higher spatial frequency of the PCs in Valpalmas, in comparison to 

the PCs mapped in the Bieszczady Mts., can be attributed to several local factors:  

(1) The collapse of a pipe roof and the formation of a sinkhole at the surface occur 

when the pipe reaches a critical span for which the overlying undermined material 

becomes unstable; i.e., the soil arch has not sufficient strength to support its 

weight. This threshold value with impact on the size of the sinkholes depends on 
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the mechanical properties of the soils. The valley-fill of Valpalmas consists of 

resistant silt-rich deposits significantly indurated by the accumulation of secondary 

carbonate under semi-arid conditions. In contrast, pipes in the Polish catchments 

develop in softer clayey slope deposits that are unable to withstand large spans, 

and generally the diameter of soil pipes is smaller than in Valpalmas. The smaller 

soil pipes, the smaller PCs in the Bieszczady Mts. 

(2) Chemical properties of soils are different. The sodium-rich deposits in Valpalmas 

are more dispersive (Ferrer, 2016) than the soils in the Polish catchments 

(Bernatek-Jakiel et al., 2016), favouring the development of underground pipe 

networks. 

(3) In the Bieszczady Mts. the dense and permanent grass cover and its interlocking 

root system contributes to increase the cohesion of the topsoil, inhibiting the 

formation of pipe-roof collapses, as well as the expansion of the existing 

depressions by mass wasting and water erosion processes. In Valpalmas root 

cohesion is limited by the sparse distribution of the vegetation in shrublands, as 

well as periodic ploughing and harvesting in agricultural lands. The role of 

vegetation in delaying the formation and growth of pipe roof collapses has been 

already noted in the Bieszczady Mts. (Bernatek-Jakiel et al., 2015, 2017; Bernatek-

Jakiel and Wrońska-Wałach, 2018) and in other regions (Jones, 1971; Löffler, 

1974; Wilson et al., 2015, 2016).  

(4) Agricultural lands in Valpalmas (22% of the catchment area) are subject to tillage. 

In semi-arid areas, tillage causes changes in the bulk density and porosity of the 

topsoil, contributing to increase its infiltration capacity and leading to quicker pipe 

development (Nazari Samani et al., 2009). This factor mainly operates at the 

beginning of the growing season, when ploughing facilitates the percolation of 
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rainfall water into the soil, leading to enhanced dissolution of soluble material at 

depth, clay dispersion and internal erosion.  

(5) Agricultural lands are also subject to rill and ephemeral gully erosion, which are 

interrelated with piping erosion and favour its development (Wilson, 2011). 

Farming triggers accelerated water erosion, and tillage erosion has been 

recognized as an increasing factor of water erosion (Vergari et al., 2013). The 

synergistic effect of these water erosion processes results in more frequent and 

larger PCs in Valpalmas. Note that the size of the PCs is not only related to 

collapse processes, but also to erosion processes acting at their margins. 

(6) Semi-arid conditions in Valpalmas with desiccation periods promote the formation 

of cracks at the ground surface, which favour the development of pipe networks. 

Heavy rainfall followed by periods with high temperature and strong winds result 

in wetting-drying processes that promote impacts of soil cracking by desiccation. 

The role of desiccation cracks on piping has been already reported in other semi-

arid regions e.g., Ethiopia (Frankl et al., 2016) and Italy (Farifteh and Soeters, 

1999). 

(7) Rainfall regime also affects piping erosion. In Valpalmas, where severe rainstorms 

are relatively frequent, pipeflow is more sporadic but may occur under turbulent 

and overpressure conditions (e.g., inflow rate higher than outflow capacity). In 

contrast, in the catchments of Poland, conduit flow is more frequent but has a 

lower geomorphic effectiveness. This results in higher potential of piping erosion 

under semi-arid conditions in Spain compared to humid in Poland. 

(8) Soil water storage capacity varies between Valpalmas and the Bieszczady Mts. 

Greater soil water storage capacity in the Bieszczady Mts. results in lower 



25 

 

pipeflows and, thus internal erosion, even though the soils receive higher rainfall 

in comparison to Valpalmas. 

(9) PCs in Valpalmas reach larger dimensions because sinkholes have a more 

clustered (less scattered) distribution than in the Bieszczady Mts., favouring their 

coalescence and formation of large compound depressions. The pipe network in 

Valpalmas is more complex, i.e., it consists of several interconnected pipes which 

develop on flat terraces, whereas in the Bieszczady Mts. the pipe network consists 

mainly of one main pipe which develop in accordance with slope gradient. 

In general, the empirical size data (major axis and area) of each type of PC, the combined 

datasets of PCs in each catchment (Fig. 5) and all the catchments (Fig. 6) show deviations 

from the regressions for the extreme size values (upper and lower cut-offs). These apparent 

deviations could be ascribed to the limitations of the inventories and to natural factors related 

to physical thresholds and the evolution of PCs. The apparent lower frequency observed for 

the small sinkholes may be attributed to: (1) the incompleteness of the inventories, which 

mainly affects to the small-size and difficult-to-detect sinkholes, and (2) to mechanical 

constraints, e.g., few sinkholes form above small-size pipes. Some of the main 

methodological problems in MF relationships studies are incompleteness of inventories and 

data biasing (Malamud et al., 2004; Casas et al., 2016). This refers to the potential 

underestimation of the number of small landforms, resulting in artificially low probabilities 

(Stark and Hovius, 2001; Malamud et al., 2004; Hungr et al., 2008; Urgeles and Camerlenghi, 

2013).  

The offset between empirical data and regressions for compound sinkholes and blind 

gullies is not so clear, probably because inventories can be considered complete. The larger 

empirical size of the sinkholes and compound sinkholes/blind gullies in the low-frequency 

and large-magnitude section of the distribution compared to the regressions, could be related 
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to the expansion and coalescence processes that affect the PCs. Some sinkholes may reach 

large dimensions by the retreat of their walls before they become integrated into the surface 

drainage network. Compound sinkholes typically form by the coalescence of adjacent 

sinkholes, but they may also result from the merging of different compound sinkholes, 

resulting in anomalously big depressions. 

Regarding the size of PCs in the Bieszczady Mts., similar dimensions are reported in 

the Flemish Ardennes (Verachtert et al., 2010), where pipes also develop in silty clay loams 

and the land cover is dominated by pastures. In similar pedological and lithological conditions 

in the Czech Republic, but mainly within agricultural lands, smaller PCs were reported by 

Hořáková (2007). This can be attributed to the rapid destruction by annual tillage and 

subsequent reformation of PCs. Concerning the size of PCs in Valpalmas, other reports from 

the Ebro Depression (Gutiérrez et al., 1988) indicated that maximum axis of compound 

sinkholes (called funnel-shaped dolines) reached 35 m, whereas sinkholes (called well-shaped 

dolines) never exceed 5 m in diameter, which is consistent with the results of our study (Fig. 

3). 

The heavy-tailed distribution of all PCs mapped in this study (positive skewness; 

Table 3, Fig. 4) was already reported in the Goodwin Creek watershed, Mississippi (Zhang 

and Wilson, 2013). Such size distribution of PCs suggests that mean size values of piping-

related landforms may not be appropriate or sufficient to describe their morphometric 

features. It might render averaged sizes highly skewed as mean values are strongly affected by 

outliers. The highest outliers are mainly observed in compound sinkholes/blind gullies (Fig. 

3), which reflect their polygenetic origin and long-term evolution.  

The frequency-size distribution of PCs presented in this study, irrespective of the 

morphoclimatic regions (NE Spain and SE Poland), shows the similar pattern as other 

hazardous processes and landforms, e.g., earthquakes (Gutenberg and Richter, 1954), volcanic 
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eruptions (Pyle, 2000), landslides (e.g. Malamud et al., 2004) and karst sinkholes (e.g., Galve 

et al., 2011; Taheri et al., 2015; Gutiérrez and Lizaga, 2016; Gutiérrez et al., 2016, 2019), 

which are also satisfactorily described by logarithmic or power laws. This indicates that low-

magnitude events are much more frequent than the high-magnitude ones (Malamud, 2004). 

Moreover, similarly to karst sinkholes, the empirical data of PCs show deviations from the 

regression lines in the upper and lower cumulative frequency. Small PCs as well as small 

karst sinkholes are more difficult to detect, whereas lower number and probabilities of large 

PCs and karst sinkholes may be partially related to mechanical thresholds determined by the 

size of the largest cavity span that may be developed in the given deposits before its collapse 

(Gutiérrez et al., 2019). 

 

5.2. Geomorphological implications of frequency-size relationships of pipe collapses 

The frequency-size relationships of PCs, differentiating between sinkholes and 

compound depressions or blind gullies related to the coalescence of sinkholes, are a useful 

tool for assessing the geomorphological impact of piping processes and characterising the 

resulting landforms. The geomorphic significance of these features in an area is commonly 

expressed by the number of PCs, with limited information on their type, density (i.e., number 

of PCs by unit area), and specific morphometric parameters such maximum and minimum 

dimensions, mean values, and the volume of PCs (e.g., Verachtert et al., 2010; Zhu, 2012; 

Zhang and Wilson, 2013). Moreover, there is often lack of information on the soil pipe 

morphometrics that cause the PCs. Mapping subsurface pipe network is still a methodological 

challenge. More research effort is needed to develop methods, on one hand, that allow to 

identify and characterize soil pipes and, on the other hand, that allow to quantify the volume 

of PCs which has often overhanging walls (Wilson et al., 2017a; Bernatek-Jakiel and Poesen, 

2018). However, empirical frequency-size distributions and the derived regressions for 
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sinkholes, compound sinkholes and all types of PCs provide highly valuable quantitative 

information on the relative frequency of PCs as a function of their size and their genetic 

mechanisms (Fig. 6). Large PCs are typically much less frequent than the small ones, but they 

may play a more relevant geomorphic role since they may cover a larger aggregate area, and 

their integration in the surface drainage may result in significant changes in the gully network 

(e.g., Desir and Marín, 2011). For instance, 180 small PCs (with areas of up to 3.7 m2) cover a 

similar area as the largest PC in Valpalmas (269 m2), but are able to capture more runoff due 

to spatially distributed contributing areas. Similarly, in the Bieszczady Mts., approximately 

200 small PCs (with areas of up to 0.52 m2) cover the same area as the largest PC in 

Valpalmas (36.5 m2). 

Size distributions of sinkholes, compound sinkholes and all PCs also provide relevant 

quantitative information on the role played by the retreat of the edges of the sinkholes and 

their coalescence on the progressive enlargement of depressions and their transformation into 

gully systems. Compound sinkholes are expected to be more abundant in mature piping areas 

where sinkholes have experienced significant expansion, and in zones where sinkholes tend to 

have a clustered distribution. In such areas, illustrated in this study by Valpalmas, the 

development of PCs leads to badlands formation and expansion. Faulkner (2013) underlined 

the role of piping in the evolution of badland areas with piping-prone materials. She has also 

pointed out that mass movements may be a significant secondary effect of sinkhole 

enlargement. Desir and Marín (2011), in a piping area of the Ebro Depression, NE Spain, 

found that the spatial frequency of PCs rapidly decreases with the distance to the nearest 

gully. 

When pipes develop, they increase slope-channel coupling which increases sediment 

and hydrological connectivity in a given area (Wilson et al., 2017b Bernatek-Jakiel and 

Poesen, 2018). The analysis of frequency-size relationships of PCs has revealed that more 
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frequently the material from medium-size PCs is released to slope-channel system, whereas 

the large PCs, responsible for significant amount of materials, are infrequent. Smaller number 

of large PCs may imply their integration in to gully network, which increases the drainage net 

of an area.  

Moreover, frequency-size relationships are particularly useful to compare PCs from 

different areas, as illustrated in this work (Fig. 3, 4 and 5). These comparisons may help to 

objectively analyse the PCs within a broader context and to identify some of the factors that 

control the genetic processes in the different regions. Size distributions may be also used to 

explore the temporal evolution of PCs in specific areas by comparing morphometric data 

collected in different dates. This would allow assessing the relative role of: (1) sinkhole 

growth, which tends to displace the distribution towards larger dimensions; (2) sinkhole 

coalescence, that translates elements from the sinkholes sample to the compound sinkhole 

group; and (3) the integration of PCs in the drainage net, which contributes to remove features 

of different sizes from the distribution. 

 

5.3.  Limitations of PCs databases for hazard assessment 

The occurrence of PCs may cause significant damage not only to the agricultural 

industry, but also to a number of human-built structures such as earth dams, flood-control 

dykes or the embankment of transportation infrastructure (e.g., Selby, 1993; Richards and 

Reddy, 2007; Nadal-Romero et al., 2011). The failure of those structures due to piping 

activity may result in significant economic risk and the loss of human lives. The subsidence 

associated with the development of piping-related sinkholes is generally characterized by 

rapid collapse, and little is known about potential premonitory ground settlement that could be 

used for the early warning of catastrophic events. A number of special engineering designs 

can be incorporated to the structures susceptible of being affected by PCs (e.g., geogrids with 
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a high tensile resistance, rigid slabs). A critical parameter for the design of these engineering 

solutions is the size of the PCs at the time of formations. The selected design dimension may 

correspond to the maximum possible size of a PC at the time of formation in the area of 

interest, or to the maximum size for a given return period, or its reciprocal, the annual 

probability of exceedance. The latter could be derived for hazard curves representing the 

annual probability of PCs reaching or exceeding at the time of their occurrence a given size. 

The data presented in this work and the frequency-size relationships generated for the 

different study areas cannot be used for this type of hazard assessments. The size of the 

inventoried sinkholes does not correspond to the initial size of the depressions, but to the 

dimensions reached after indeterminate time spans by collapse and scarp retreat. These are 

maximum sizes that would lead to hazard overestimates. Moreover, chronological information 

on the collapse events is indispensable for the estimation of temporal probabilities. Our 

sinkhole inventories include an admixture of depressions in terms of their age, genetic 

processes (collapse, scarp retreat, coalescence) and evolutionary stage. Hazard curves could 

be constructed through the periodic surveying of the areas of interest, in order to obtain 

information on the timing of formation of the collapses and their initial dimensions. The 

temporal coverage of the inventories could be reduced by applying an ergodic assumption, 

whereby time is substituted by space (i.e., expanding the survey area). 

The detection of PCs in both study areas was difficult because of the vegetation 

(shrubs in Valpalmas, and dense grasslands and forest in the Bieszczady Mts.) that might 

obscure PCs. The methods of PCs detection require more research. It seems that new 

technologies for producing orthophotos and Digital Elevation Models (DEMs), such as 

Structure from Motion photogrammetry (SfM), Terrestrial Laser Scanner (TLS), or aerial SfM 

using Unnamed Aerial Vehicles (UAVs) should be considered to improve the information 

acquire during fieldwork as recently proposed in Valpalmas semi-arid badlands area (Ferrer et 
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al., 2017). Moreover, small PCs may be easily destroyed by tillage (in agricultural lands in 

Valpalmas) and filled in by farmers (both in Valpalmas and in the Bieszczady Mts.). 

Probably the most crucial need in piping hazard assessment is to be able to detect soil 

pipes before the stage of collapse. When pipe roof collapsed, it is actually too late. There is a 

high need to know the places affected by piping which just remain (apparently) inactive 

during a relatively long period before the pipe roof collapsed. This is especially important in 

places like Valpalmas, where soil pipe networks are very complex and develop on flat 

terraces. This makes it very difficult to predict the potential place of the occurrence of PCs in 

comparison to more linear piping systems develop in accordance with slope gradient in the 

Bieszczady Mts. Until now, there is no adequate method to map soil pipe networks (Wilson et 

al., 2017a; Bernatek-Jakiel and Poesen, 2018), although there are some reports on statistical 

methods used for modelling the occurrence of PCs (Hosseinalizadeh et al., 2018, 2019). More 

research effort is required to develop methods that allow to predict the development of soil 

pipes and thus PCs. 

 

6. Conclusions 

Frequency-size relationships of PCs help to gain insight into relevant aspects related to 

piping erosion in different morphoclimatic regions, such as size distribution, genetic processes 

and controlling factors, spatial-temporal evolution, inter-relationship with other geomorphic 

processes and landforms, and the associated hazards. Despite many differences between areas 

from NE Spain and SE Poland, the presented empirical morphometric data (major axis and 

area of the PCs) from different areas show a similar general distribution, with an exponential 

decrease in the number of PCs equal or larger than a given dimension as the size increases. 

The datasets of PCs are characterized by right-skewed distribution with a heavy tail, i.e., the 

majority of PCs are of small and medium size. 
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The PCs in the Valpalmas catchment (NE Spain) show significantly higher spatial 

frequency and overall larger dimensions than those inventoried in the four catchments of the 

Bieszczady Mts. (SE Poland). The average major axis of sinkholes in Valpalmas is 2.1-3.4 

times larger than in the Bieszczady Mts. The differences in the frequency-size distribution of 

PCs in NE Spain and SE Poland are related to multiple factors, including the properties of the 

deposits, climate conditions, rainfall regime, soil water storage capacity, spatial pattern of 

pipe networks, vegetation cover and land use. The sediments in Valpalmas have higher 

mechanical resistance, but because of their dispersive nature they are more susceptible to 

internal erosion, resulting in the development of larger pipes. Semi-arid conditions are more 

favourable for the development of desiccation cracks and subsurface pipes, and pipeflow 

generated by severe rainstorms has higher geomorphic effectiveness. Moreover, the scarce 

vegetation and the clustered distribution of sinkholes favour their expansion and coalescence. 

In Valpalmas, agricultural lands are subject to rill and ephemeral gully erosion which promote 

piping erosion. 

The distribution of PCs (each type of PC and the combined set of PCs) is satisfactorily 

(R2 ≥ 0.93) described by logarithmic functions, indicating a general power-law distribution. 

Deviations of the empirical data from the regressions are observed for the extreme size values, 

which can be attributed to the limitations of the field-based inventories (e.g., incompleteness 

affecting the small-size PCs) and to natural factors related to physical thresholds (e.g., 

maximum span of stable pipe roofs) and the evolution of PCs (i.e., sinkholes develop by the 

retreat of their walls and coalescence with nearby holes before they become integrated into 

the surface drainage network). 
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