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Abstract: On the one hand, Sinkhole Flooding (SF) is an essential hydrological process to recharge
karst aquifer in arid to dry sub-humid regions. On the other hand, the increase of rain extremes is
one of the major consequences of global warming, together with the expansion of drylands. Thus,
appropriate runoff regulation in endorheic karst basins in order to reduce the risk of flooding and
improve the quantity and quality of the water drained by sinkholes will be more and more crucial.
With these premises, a systematic review of SF cases study was performed by using Web of Science
(WoS) engine to infer the hydrological properties for modeling the water management in regions
actually or potentially affected by water scarcity. Hydrological models are essential to manage the
consequences of climate change on karst water resource, however the review shows that providing
the tools necessary for reliable modeling is still challenging. Finally, due to the intrinsic vulnerability
of the karst aquifers, pollution reduction and wastewater recycling policy will play a key role in the
next decades.

Keywords: karst hydrology; closed karst basin; sinkhole discharge capacity; basin water storage;
water resource planning

1. Introduction

Sinkholes are the most diagnostic landforms of karst terrain and are produced as
results of different endogenous and exogenous geological processes [1]. Such a term become
initially popular in North America among geologist and engineers, and subsequently has
supplanted the Slav term “doline”, widely used in Europe from the eighteenth century [2].
However, either sinkholes or dolines can be described as closed depressions which allow
surface waters to be drained underground. In such a view, they act as “infiltration points”.
Other terms (swallow hole, swallet, ponor, sinking stream) are also used in literature. As
regards the rainwater runoff, sinkholes are drainage convergence points of different sized
basins (named endorheic or closed basins) and allow no surficial outflow to rivers or seas.
Sinkhole Flooding (SF)s were comprehensively conceptualized and classified by Crawford
almost forty years ago [3].

In arid to dry sub-humid regions, SF is a process essential to recharge karst aquifers,
but difficult to manage [4–8]. Climate change and population growth are continuously
increasing human pressure on water resources and thus, it is appropriate to investigate
how accumulated scientific knowledge about SF can support sustainable management in
conditions of water depletion. Nevertheless, defining the issue it deals with as the “land
degradation in arid, semi-arid, and dry sub-humid areas resulting from various factors”,
the United Nation Convention to Combat Desertification has brought together, for research
purposes, the lands actually or potentially affected by water scarcity [9]. Before addressing
the question of SF, some definitions and basic features must be given.

Arid to dry sub-humid lands are defined as regions with Aridity Index (AI, i.e., the
ratio between precipitation and potential evapotranspiration) less than 0.65 [10–12]. They
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cover almost 50% of Earth’s surface, including several karst areas (see e.g., [6,13,14]). The
streams are usually ephemeral while floods are not frequent events in karst catchments;
however, especially in endorheic basins, the inundations can be highly damaging to people,
infrastructures and water resources, both superficial and underground [15–22]. Despite a
wide variety of local geomorphological features, the karst areas are usually characterized
by a dual underground runoff drainage, through the swallow holes (infiltration points or,
simply, sinkholes) and the networks of dissolution-enlarged fractures inside the superficial
layer of the rock masses (diffuse, epikarstic infiltration), respectively [8,23,24].

It must be also considered that, since the ancient civilizations, hydraulic works have
frequently altered the hydrology of the karst catchments, thereby changing both the in-
filtration pathways and the floodplain features. The sinkholes have historically served
for runoff regulation, stormwater discharge, and wastewater disposal. A further function,
the intentional (managed) groundwater recharge, was added in recent times [1,6,25,26].
As a whole, karst aquifers currently supply a quarter of the global population with water.
They are highly sensitive to changes in recharge patterns because they combine a high
transmissivity with a low specific yield, thus their correct use is vital to ensure the water
availability for years to come [27,28].

Despite SFs being essential for groundwater balance, they are still difficult to foresee
and manage [29,30]. They occur as consequences of extreme precipitation when: (1) the
rate of stormwater flow exceeds the discharge capacity of the sinkhole (SF type 1); (2) the
underground karst system is unable to drain the entire stormwater flow (SF type 2); (3) the
groundwater level rapidly rise especially because of the diffuse infiltration (SF type 3) [3,31]
(Figure 1).

Figure 1. Simplified scheme of SF types. It is not representative of the whole complexity of the
phenomenon and simply considers change in width of the karst shafts. The increase in diffuse
infiltration from SF type 1 to SF type 3 is a generic trend.



Hydrology 2022, 9, 25 3 of 15

Together with the expansion of drylands, the increase of rain extremes is one of the
major consequences of the changes in climate pattern and hydrological cycle due to the
global warming [10,12,32–34]. With these premises, a systematic review of documented
cases of SF occurred in arid to dry sub-humid areas was performed to infer the hydrological
properties useful for the upcoming water management plans. Since model development
requires time-series data, particular attention was given to observational studies [17,35–37].

2. Climate Change Effects on Sinkhole Flooding

Worldwide evidences suggest a recent net decline in endorheic basin water storage for
regions with arid and semi-arid climates [38–41]. Climate change is one of the concurrent
causes together with climate variability and direct human activities. Nevertheless, more
than half of the total dryland expansion during the last six decades was occurred in
semi-arid regions. Semi-arid areas replaced sub-humid areas especially in Africa, Europe,
Asia, and eastern Australia, while they replaced arid areas mainly in both the American
continents as well as western Australia [42]. However, the transition from sub-humid
(and even humid) to semi-arid conditions also affected different areas of North and South
America, thus increasing the uncertainties on the meteorological effects of climate change.

Multi-decadal average aquifer recharge is described as a major limiting factor for
the sustainable use of water resources because it determines the amount of groundwater
that may be withdrawn without irreversible depletion. By using global precipitation
data sets, Doll and Fiedler [43] found the smaller values of average per-capita renewable
groundwater resources especially in arid to semi-arid regions. Therefore, effective water
management plans need to be developed in these regions, with the aim of maximizing the
aquifer recharge during intense and prolonged rainfall.

Climate model projections for the 21st century indicate the following general responses
about the rainfall characteristics: decrease of the light precipitations and in wet spell length,
increase of the intensity of extremes, and increase in the number of dry days [32,44].
Whether such weather changes will affect endorheic karst basins belonging to arid to sub-
humid regions, a reduction in annual average soil moisture and an increase in severe flood
events are easily predictable [28,45]. However, precipitation events occurring during wet
seasons and with soil moisture close to saturation will determine larger runoff and water
flood volumes. Thus, taking on constant values of discharge capacity, the sinkhole infiltra-
tion will increase in volume and time. In regions affected by water scarcity, management
aimed to improve the quantity and quality of the water drained underground by sinkholes
will be essential. Nevertheless, to establish how karst aquifers may be affected by climate
change and elaborate model management plans, the duality of the infiltration flow in karst
terrain (punctual versus diffuse infiltration) must be properly taken into account [46–48].

3. Methods

The systematic review of literature differs from the typical narrative review by the
effort to establish a clear, not subjective and replicable procedure for the studies identifica-
tion. Initially developed in Medical and Healthcare Sciences, systematic reviews gained
increasing popularity in Earth and Environmental Sciences through the last decade.

In the present work, the systematic review was conducted according to [49–52]. It
aimed to the comprehensive identification and appraisal of the studies relevant for the
pursued subject. Web of Science (WoS) was chosen as bibliographic data source for the
screening process [53–55]. The identification of the studies was implemented in all WoS
databases. A limitation of the adopted procedure is that it only includes items written
in English. Moreover, a temporal period was not specified. The screening process has
consisted of three stages. In the first one, WoS engine search was used as the primary
platform for “title/abstract/author keywords/Keywords Plus”. The abstract screening was
performed in Stage 2 and the full-text articles assessment for eligibility in Stage 3 (Figure 2).
Careful exclusion procedures were adopted in Stages 2 and 3.
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Figure 2. Flow diagram explaining the screening process (see [49,52]).

4. Results

WoS engine allowed the identification of 87 records, only one of which was excluded as
duplicate (Figure 2). The selection of Stage 2 has determined the exclusion of 54 articles for
being apparently irrelevant to the review purpose and belonging to different subject areas
(i.e., ecology, hydrobiology, geomorphology, sinkhole occurrence, regional hydrogeology,
karst hydrochemistry, baseflow estimation, particles transport, paleoclimate, civil engineer-
ing, pollution impact, vulnerability assessment, rainfall chemistry, mathematical model).
Despite the positive evaluation of the abstracts, eleven out of thirty-two articles were then
excluded by the full-text assessment of the Stage 3 (Appendix A). These exclusions were
caused by the irrelevance of the article on the sinkhole flooding process, or because the arti-
cle deals with cases of humid regions (Table A1). Eleven articles identified by other sources
(examination of the bibliography of the selected articles; personal literature knowledge;
use of common search engines) have been added for the review analysis. Finally, a total of
32 articles were reviewed.

Two articles were published in the late 1990s, twelve in the past decade, and eighteen
in the 2020s. It therefore appears that there has been growing attention from scholars.
Many articles concern basins belonging to the Mediterranean area (Figure 3). More in
detail, they are relative to North Africa [56], Iberian Peninsula [16], south Continental
Europe [57–60], Italian Peninsula [19,21,45,61–63], Balkan Peninsula [64–67], and Anatolian
Peninsula [68,69]. Some articles examine cases of the Middle East: three located near
the Mediterranean coast [20,36,70], and three near the coast of the Persian Gulf [71–73].
Australia [48,74], China [18,75], and North America [76,77] are featured with two articles
each. Finally, one article was identified for both South America [22] and India [78]. The
results of the screening process show some little redundancies. In fact, the papers [58,59]
deal with the Fontaine de Nimes Basin (France), and the papers [19,63] with the Asso Torrent
Basin (Italy). They slightly bias the prevalence of cases studied in the Mediterranean area.
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Figure 3. Location of reviewed cases study (see References numbering). Climatic regions map based
on the Aridity Index in according to United Nations Environment Programme (UNEP) [79], modified
after [80,81]. Areas: a, hyper arid; b, from arid to semi-arid; c, dry sub-humid.

“Aquifer recharge” is the main objective for ten articles (third column of Table 1), while
for the others it is “flood management” (twelve articles) or “contamination risk” (six). Four
articles address “multiple objectives”. Twenty-two studies state the type(s) of examined SF
or provide information for such classification.

Table 1. Summary of reviewed studies. * = Added from other sources; und. = undetermined type;
Cont. = Continental; Cent. = Central.

Author (s) and Year Location Main Objective SF Type

Mijatovic (1988) * [64] Balkan Peninsula flood management 2
Herczeg et al. (1997) [74] South Australia aquifer recharge 1

Lopez-Chicano et al. (2002) [16] Iberian Peninsula flood management 3
Parise (2003) * [61] Italian Peninsula flood management 1

Novel et al. (2007) [65] Balkan Peninsula aquifer recharge 2
Liguori & Manno (2007) [62] Italian Peninsula contamination risk 2

Batiot-Guilhe et al. (2007) [57] South Cont. Europe multiple objectives 2
Marechal et al. (2008) [58] South Cont. Europe flood management 2,3

Dijdi et al. (2008) [56] North Africa contamination risk und.
Nassery et al. (2009) * [71] Middle East contamination risk und.
Marechal et al. (2009) [59] South Cont. Europe flood management 2,3

Bailly-Comte et al. (2009) [60] South Cont. Europe flood management 2
Leventeli et al. (2010) * [76] Cent. North America aquifer recharge und.

Guo & Jiang (2010) * [75] South China multiple objectives 1
Dar et al. (2011) [78] South India aquifer recharge und.

Guo et al. (2013) * [18] South China multiple objectives 1
Somaratne (2014) [48] South Australia aquifer recharge 3

Iacobellis et al. (2015) [45] Italian Peninsula flood management 1
Ljubenkov (2015) * [66] Balkan Peninsula flood management 1
Schulz et al. (2015) [72] Middle East aquifer recharge 1

Delle Rose & Fidelibus (2016) [19] Italian Peninsula flood management 1
Demiroglu (2016) * [68] Anatolian Peninsula flood management und.
Xanke et al. (2017) * [36] Middle East aquifer recharge 1,2
Dvory et al. (2018) [20] Middle East aquifer recharge und.

Apollonio et al. (2018) [63] Italian Peninsula flood management 1
Masciopinto et al. (2019) [21] Italian Peninsula contamination risk und.

Jones et al. (2019) [77] West North America contamination risk und.
Mansour et al. (2019) * [70] Middle East aquifer recharge und.

Braga et al. (2020) [22] South East Brazil aquifer recharge 1
Sagir et al. (2020) [69] Anatolian Peninsula multiple objectives 2
Dasic et al. (2020) [67] Balkan Peninsula flood management 2,3

Soldo et al. (2020) * [73] Middle East contamination risk und.
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Looking for appropriate practices suggested by the authors for water management
in karst endorheic areas, the first apparent feature is the frequent recourse to the use of
hydrological models [16,20–22,36,45,58–60,63,66,70–72,77]. It must be pointed out that
the authors usually do not cite Crawford [3] but provide useful indicators for classifying
the SFs they studied. In the reviewed literature, the articles dealing with flood events
series are rather limited in number, and even about the sinkhole discharge capacity the
numerical quantification are very few. Instead, more attention is given to the description,
also in quantitative terms, of the aquifer recharge. A number of the screened articles
listed in Table 1, especially among those published in the last six years, finally mention
the occurrence of SF in relation to changing climate conditions [18,19,21,22,63,67–70,78].
However, no one investigates the phenomenon in such a perspective. Given the above,
the main topics identified by the literature examination are summarized below (types of
sinkhole flooding, Section 4.1; flood events series, Section 4.2; sinkhole discharge capacity,
Section 4.3, aquifer recharge process, Section 4.4; water resource planning, Section 4.5). The
relationship among the topics is schematized in Figure 4.

Figure 4. Relationship diagram among the topics identified by the review.

4.1. Types of Sinkhole Flooding

Half of the 32 reviewed studies address the SF type 1, while among the remaining
studies the SF type 2 (six articles) prevail. Only two cases were confidently ascribed to
the SF type 3. Finally, in four studies the attribution is uncertain or SF is the result of two
concurrent causes (Table 1).

The ascription to the SF type 1 implies the knowledge of the discharge capacity of the
sinkhole or, at least, of its underground shape and dimensions [4,8]. Despite the lack of data
on the underground karst system, Herczeg et al. [74] provided pioneer field observation
on the basic hydrological features of the Pretty Gully Sinkhole (Gambier Basin, Southern
Australia), thus giving sufficient elements for the definition of SF type occurred in a dryland
context (Figure 3). Dar et al. [78] focused on the speleological features of the area they
studied (Cuddapah Basin, Southern India), carrying out hydrological insight about the
aquifer recharge. However, such a study did not collect sufficient clues to define the type
of SF (Table 1). Estimating the aquifer recharge for the small endorheic As Sulb Basin
(located in the hyper arid As Summan Plateau, Saudi Arabia, Middle East), Schulz et al. [72]
documented by camera monitoring the occurrence of SF type 1. Where the sinkhole is a
dissolution doline covered by residual soil, the issue to define the SF type does not arise as
it is of the first type (see e.g., [22]).

The ascription to the second type of SF requires accurate knowledge about the devel-
opment of the underground karst system, previously achieved mainly by speleological
exploration and mapping [5,61]. Dealing with an extreme flood occurred within a flat karst
depression (Polje of Cetinje, Montenegro, south-west of Balkan Peninsula), and the inabil-
ity of the cave system to drain the stormwater flow was identified as the main cause by
Mijatovic (1988) [64]. Some later authors have come to the same conclusion [57,60,62,65,69].
Other authors have considered SF type 2 as a concurrent cause together with type 1 or
type 3 [36,58,67] (see Table 1). The case described by Liguori and Manno [62] (Platani
Basin, Italian Peninsula) is quite unique in the context of this review, dealing with sinkholes
induced by quarrying and then flooded because of the water filling excavation tunnels.
Drilling data and speleological surveys in the southern slope of the Falakro Mountain
(Greece, Balkan Peninsula) reveal the decrease of the width of karst conduits with depth,
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and allow to attribute to type 2 the SF studied by [65]. The recurrent SF affecting the
Gokova Graben (Anatolian Peninsula) must be attribute to the type 2 as a result of the
spectral analyses on the precipitation and spring discharge time series carried out by [69].

The type 3 is apparently the least common of SF. In fact, only two of the thirty-one
reviewed studies attribute the flooding to the quick rise of the groundwater level [16,48].
Both these studies support such an attribution by means of aquifer monitoring. For a
few other studied cases, type 3 is tentatively referred to as concurrent cause in possible
conjunction with type 2 (Table 1).

4.2. Flood Events Series

Several essential features arose from the full-text assessment on SF series reported
in literature. A three years series of floods is analysed by Bailly et al. [60] as regards the
swallow hole named Puits de l’aven, which is placed within the karst basin of Coulazou
River (France, South Continental Europe) (see also [57]). The thirteen events occurred
from 2004 to 2007 were used by the authors to show that exchanges between surface water
and groundwater during flood events are characterized by inversion of direction, in strict
dependence of the hydraulic gradient changes. The observational approach used in the
study, which made use of various instruments such as rain gauges, discharge gauging
stations, and monitoring wells, was decisive for the obtained findings.

Guo et al. [18,75] monitored the recurrent floods affecting karst depressions placed
within the sub-humid and seasonally drought-prone Fengshan County (Guangxi) and
Guangnan County (Yunnan), South China. Floods were found to last up to four months
during the rainy season, in stark contrast with the extreme drought conditions of the dry
season. Moreover, several processes of sinkhole clogging (see e.g., [7,63,82]) were detected.

The flood history of some endorheic catchments was scrutinized in the reviewed
literature. Parise [61] found more than twenty flood events struck the karst basin of
Castellana-Grotte (Italian Peninsula) throughout the last three centuries. It is one of the
longest known series of events. Hydraulic works aimed to improve the discharge capacity
of a cluster of swallow holes started in 1865. They consisted of increasing the entrance
section of the sinkholes and excavating a connecting tunnel. Although designed to mitigate
the damage caused by flooding, such works have also increased the recharge of the regional
karst aquifer.

A thirty-year series of floods affected the extensively engineered Asso Torrent Basin
(Italian Peninsula) is analyzed by Apollonio et al. [63] with the aim of understanding
to what extent clogging processes in sinkholes from microbial growth had affected the
increase in recorded floods. By using rain gauges data, basin runoff model, and evaluation
of contaminant loads from sewage treatment plants, the authors showed the occurrence
of floods even in the absence of clogging processes, which still had a small impact on the
hydrological disorder in the studied case. Instead, the main detected problem is the low
discharge capacity of the swallow holes.

4.3. Sinkhole Discharge Capacity

The discharge capacity is a basic parameter in the relation between SF and aquifer
recharge. However, it is rarely quantified or at least estimated in the literature stud-
ies [19,63]. Such a result confirms the concern of Field [83], which likely first observed
the “little attention” by the authors for this subject and provided mathematical models to
simulate drainage through flooded sinkhole.

The discharge capacity is a simple direct function of the water level in the sinkhole
when flow in the underground karst system is not under pressure. Exceeding a threshold
value of the sinkhole water level, the flow comes under pressure and the discharge capacity
becomes dependent on the difference in head hydraulic between the sinkhole and another
measuring point (a spring, as an example) [84]. Despite its good reliability, such an
approach requires extensive measures for the computation of a coefficient and thus it is
rarely used. However, dealing with sinkholes of simple shapes (cylinder-shaped, cone-
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shaped, bowl-shaped), simplified mathematical models were developed to estimate the
discharge capacity [83].

The above theoretical approaches are not frequently used. [60] performed an analysis
on the infiltration rate in the Puits de l’aven sinkhole (see Section 4.2) during recession,
using it to estimate the hydraulic conductivity of the karst system rather than to establish
the discharge capacity.

Rough evaluations of the total discharge capacity for clusters of sinkholes located
within karst depressions are present in the reviewed literature. They could be carefully
obtained by subtracting the other losses (diffuse infiltration, outflow stream discharge,
evaporation) from the water volume change of the flooded area occurred during a fixed
time interval. However, simplifications are usually used because the involved quantities
are not available or easy to calculate. Investigating the 22 km2 Zafarraya Basin (Spain,
Iberian Peninsula), Lopez-Chicano et al. [16] calculated a value of 3.5 m3/s. Dasic et al. [67]
instead found a value of 160 m3/s for the 37.5 km2 Gatacko Polje (Herzegovina, Balkan
Peninsula). The difference of two orders of magnitude may seem unexpected, considering
that the basins have roughly similar areas. However, it falls within the variability of the
karst systems and highlights the need to carry out detailed hydrological investigation on
each of them to obtain solid bases for the management [1].

4.4. Aquifer Recharge Process

Aquifer recharge in karst basins usually involves two different processes—the diffuse
(epikarstic) infiltration and the localized (through the sinkholes) infiltration, respectively.
The amount of the two contributions in the aquifer recharge and the evolution of the
processes over time are characteristic of each karst basin. Nevertheless, the initial soil
moisture (i.e., before the onset of precipitation) can significantly affect the partition among
diffuse and localized infiltration [17,30,35,70,74].

Braga et al. [22] found a value of recharge around the 10% of the yearly rainfall for
the semi-arid Rio Verde Grande Catchment (Minas Gerais, South-East Brazil). Considering
the annual rainfall height and the basin surface, a large amount of water runoff is lost in
a region subjected to severe water stress. However, the hydrogeological features of the
sinkholes of the basin (dissolution doline covered by residual soil) do not seem to allow an
increase in water infiltration without the execution of drainage wells.

Djidi et al. [56] described the mixing process of stormwater infiltrated through sink-
holes with deep hydrothermal water in the Saida Plateau (Algeria, North Africa) by means
of geochemistry and isotope analysis. In such a basin, speleological explorations have de-
tected some swallow holes reaching the aquifer, while the authors found a direct correlation
between sinkhole infiltration and spring discharge. Finally, because hydrothermal water
may have unfit characteristics for human consumption or irrigation, a careful strategy
is required for the management of this type of resource which will become even more
important with global warming.

As the management of the karst aquifer recharge becomes more and more crucial, the
correct design of hydraulic engineering works becomes increasingly essential. In arid to
dry sub-humid regions, large volumes of water flood can be lost due to evapotranspiration.
Looking for a solution to this problem, Leventeli et al. [76] proposed the construction
of “engineered sinkhole” at a small catchment basin located in South Oklahoma (Central
North America) and characterized by prolonged dry summers. Learning from nature, the
structure is meant to simulate a natural swallow hole with control on the sediment filtering
and the photodegratation (i.e., the combined actions of oxidation and hydrolysis processes)
of the water pollutants to avoid clogging phenomena.

In the next decades, a major challenge will be quantifying the change in aquifers
recharge due to the variation in precipitation frequency and amount. As deducted by the
literature, for this scope, the use of reliable models will play a role of reference [70,72].
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4.5. Water Resource Planning

In the karst basins drained by sinkholes, the upcoming water management plans will
require an overview of all aspects of flooding in a framework of the local impact of global
warming. Firstly, the aquifer recharge enhancement will have to be conciliated with the
reduction of flooding risk [45,68]. Different management strategies are suggested in the
examined literature, from the construction of several small-sized rainwater harvesting
systems to reduce the runoff toward the swallow holes [63] to the building of central-
ized infrastructures to transfer elsewhere large quantities of flooding water for usage in
hydropower production, irrigation, or water supply [67].

To face the reduction of water availability in wide rural areas alternatively affected by
flooding and drought problems and threatened by desertification, [18] suggested both large
new hydraulic works and systematic cleaning of karst conduits from clogging material.
According to these authors, for future sustainable development, detailed hydrological
investigation should be done to define the anthropic and natural impacts on karst aquifer.
For proper management, if one part of the literature supports the request for detailed field
studies, another part calls for use of recent advances in remote sensing. Following the
second view, Jones et al. [77] applied a modified version of the COP method (originally de-
veloped by [85]) to the semi-arid Kaibab Plateau (Arizona, West North America, Figure 3).
To identify the “sinkhole density”, the authors use high-definition LIDAR-derived digital
elevation model and automated GIS techniques. As a result, out of more than 257,000 de-
pressions, almost 7000 were identified as true sinkholes over an investigated surface of
about 2500 km2.

In arid to dry sub-humid regions, the Hortonian runoff concept [86] should be care-
fully considered in modelling for water management [87–89]. Thus, according to Iaco-
bellis et al. [45], the soil moisture condition before the rainfall event must be quantified
together with the sinkhole discharge capacity. The latter is used, in the model proposed
by these authors, to calculate the “storage capacity”, i.e., the maximum volume of water
that can be stored in a sinkhole before the flooding of the surrounding area. Moreover, the
rainfall input should be provided by means of the “intensity duration frequency curve” for
a given return period.

5. Discussion and Conclusions

Over the last two decades, a worldwide decline in water storage for sub-continental
sized endorheic regions has been detected [39,41]. At catchment scale, several studies
highlighted this phenomenon in many karst basins (see e.g., [90–93]). In arid to dry sub-
humid regions, aquifer recharge through sinkholes is a discontinuous process that occurs as
a result of flooding or intense runoff [65,72,74]. If wet soil moisture condition precedes the
rainfall event, extensive runoff is triggered and contributes to large SF with considerable
water accumulation [30,45]. Where SF occurs in karst areas threatened by water scarcity,
pollutant free water accumulated on the surface should be discharged into the aquifer
rather than evaporate to the atmosphere. The main influencing factors of such a process
are: duration and intensity of the rain, discharge capacity of the swallow holes, average
soil moisture, and mean air temperature [22,35,70].

Based on the climate model projections for the 21st century (Section 2), in the regions
actually or potentially affected by water scarcity, the stress on karst water sources is likely to
significantly grow over the next decades [32,44]. However, given the current uncertainties,
a very difficult question to address is how much potential changes in temperature and
precipitation will affect water availability in karst regions [9,42,47].

The need to correctly regulate the runoff in endorheic karst basins in order to reduce
the risk of SF type 1 (i.e., the most recurrent type of SF according to the reviewed studies, see
Section 4.1) and, at the same time, improve the quantity and quality of the water drained
by the sinkholes is crucial anyway [19,21,76]. In the reviewed literature, several case
studies suggest some basic guidelines. Cleaning of sinkholes to avoid clogging phenomena,
maintenance of the tributary channels, and increase of use of draining pavements over
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the basin surfaces are the most recurrent solutions (see e.g., [16,63,75]). However, as
deduced from the full-text analysis, ordinary and low-cost interventions are not sufficient
to guarantee proper drainage in several karst areas. In these last cases, the solution generally
consists of hydraulic works with the creation of centralized infrastructures [18,64,67,75].

To properly manage karst aquifers, the recharge contribution coming from sinkholes
compared to diffuse infiltration must be known. This also takes into account that the
two supplies change over time according to meteorological conditions. For such a issue,
Herczeg et al. [74] use a simple mass balance of the two respective end-members previously
identified by both Cl− and deuterium concentrations. For the aquifer of the about 1000 km2

Gambier Basin, these authors found less than 10% of point recharge contribution, which
coincides with the area covered by the sinkholes adjusted for a theoretical influence radius
of 200 m. While this data is valid specifically for the aforementioned case study, the method
could be effectively used in other karst basins (eventually by means of different chemical
and isotopic parameters as appropriate) with analogous environmental conditions (better
in cases where flood events series is known, see Section 4.2). Small groundwater recharge
contributions through swallow holes are inferred from other reviewed studies also [45,67].
However, there are karst areas where point recharge is apparently dominant, such as the
40 km2 As Sulb Basin (belonging to the arid As Summan Plateau [72]) or the 500 km2

southern slope of the Falakro Mountain (belonging to the sub-humid Aggitis Basin [65]).
The variability in hydraulic behavior between the mentioned karst areas underlines

how much detailed studies on karst hydrology are essential for the aquifer recharge man-
agement [19,36]. However, due probably to the complex in situ measurements, sinkhole
discharge capacity is often overlooked in studies (Section 4.3). It must also be considered
that the reviewed articles deal with cases related to only a part of the karst areas poten-
tially affected by the issue herein discussed. In arid to dry sub-humid regions, there are
in fact a number of karst basins with few or no hydrological knowledge about flooding
processes [1,47], which cannot be identified with search engine inquiries. This is, as an
example, the case of the seasonally water deficient Rio Sao Miguel Catchment (South East
Brazil) [94], a sub-basin of the Rio Sao Francisco Basin (as the Rio Verde Grande Catchment,
previously mentioned in Section 4.4).

The management of karst aquifer recharge is now mandatory in several anthropized
areas (see e.g., [36,63]). Currently, the volume of managed aquifer recharge at global scale is
estimated at 10 km3/year, while its rate of expansion is 100 km3/year [26]. This quantity is
relatively small compared to the 4600 km3/year of the global water demand for all uses [95].
However, karst aquifers are a basic source of drinking water supply to about a quarter of
the world population living in densely populated areas [1,47]. Thus, the need to properly
manage the underground drainage of natural runoff and treated wastewater should con-
siderably increase in karst areas. The actual spreading of aquifer recharge facilities will
be the result of the understanding of their capabilities and constraints, the effective risk
management, and the economic advantages in comparison with alternatives [96].

Due to the consequences of climate change and the intrinsic vulnerability of the karst
aquifers, pollution reduction and wastewater recycling policy will play a key role in the
next decades [19,26,36,46,97]. Therefore, treated wastewater facilities will have to avoid fast
direct aquifer recharge (through sinkholes or injection wells) in favour of slow and delayed
diffuse infiltration [98]. Soil covered epikarst should be preferentially used in wastewater
recharge because of its natural treatment processes, such as contaminant adsorption and
spread of the injected effluent.

Finally, it must be stressed that hydrological models are essential to manage climate
change effects on karst water resources [46,47]. To perform reliable simulations for karst
endorheic catchments, the input parameters must be calibrated on appropriate knowledge
about the main hydraulic features, such as type of SF, sinkhole discharge capacity, and
aquifer recharge process. Moreover, flood series events should be reconstructed in order to
evaluate the simulations [60,63]. The review of the pertinent literature has however shown
that providing the tools necessary for reliable modeling is still challenging, starting from
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the reliable definition of the SF type that could require specific skills such as speleological
exploration and mapping [5,61,65,78]. Nevertheless, even the calculation of the sinkhole
discharge capacity is still poorly performed [19,83]. Again, the flood events series, which
are essential for models validation, were not of specific interest to the authors except for a
few cases studies [60,61,63]. However, in the years to come, the management of the water
resources in karst endorheic basins will require more in-depth knowledge.
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Appendix A

In Table A1, the articles excluded at the Stage 3 (Sections 3 and 4) are listed.

Table A1. Articles excluded from the review at full text (Stage 3) (see Sections 3 and 4).

Author (s) and Year Main Objective Exclusion Cause

Nebbache et al. (2001) [99] particles transport in humid region
Massei et al. (2003) [100] particles transport in humid region

Alberic (2004) [101] river backflooding in humid region
Celico et al. (2004) [102] contamination risk no SF process

Aquilina et al. (2006) [103] epikarst hydrology no SF process
Massei et al. (2006) [104] particles transport in humid region

Milanovic (2007) [105] regional hydrogeology no SF process
Jardani et al. (2007) [106] sinkhole occurrence in humid region

Fournier et al. (2008) [107] particles transport no SF process
Polemio et al. (2009) [108] vulnerability assessment no SF process

Guillaume et al. (2020) [109] vulnerability assessment no SF process

The above listed articles have been excluded by the review due to two causes (see third
column of Table A1). They deal with karst areas with no water scarcity (humid regions) or
in which no SF processes are described.
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