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Abstract. Saturated flows pose significant hazards in mountainous regions. This study investigates the control of
sediment connectivity on debris flow susceptibility in five watersheds near Anton Village, Stara Planina Mountains.
The basins are characterized by fractured metamorphic and igneous rocks that produce abundant, easily mobilized
slope deposits. The methodology integrated GIS-based calculations of the Index of Connectivity (IC) with field
validation of sediment sources and compared results to traditional morphometrics, such as the Melton Ratio (Rm).
Results demonstrate that all five basins possess uniformly high mean IC values (avg. 2.02) and Rm values (>0.5),
which, combined with high stream power and evidence of active channel incision, confirm a very high debris flow
hazard potential. The high IC is a key control, efficiently linking the available sediment supply to the transport

system and necessitating a composite framework for robust hazard assessment.
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Introduction

In mountainous regions worldwide, the rapid and
destructive movement of saturated flows presents a
significant and growing threat to communities and
infrastructure. These events range from water flows
to the mass transport of debris, highlighting the
necessity of effective hazard recognition in urban
land planning. While a range of parameters controls
flow initiation, the predisposition of a watershed to
generate a debris flow versus a debris flood is also
linked to the efficiency of sediment transfer from
sources to the transport network.

The fundamental framework for quantifying the
supply and transport dynamics of solid material is
the sediment budget, which accounts for the rates of
production, transport, and discharge, emphasizing
the necessity of understanding the linkages between
these processes across space and time (Dietrich,
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Dunne, 1978). This needs to quantify the efficiency
of sediment transfer, leading to the development of
early distributed models that calculate sediment de-
livery based on flow path and travel time (e.g., Fer-
ro, Minacapilli, 1995). Building on these concepts,
the Index of Connectivity (IC) offers a quantitative,
process-based solution by assessing the degree of
linkage between sediment sources and the channel
transport system (Borselli et al., 2008; Cavalli et al.,
2013). The IC and related indices have proven to
be a robust tool for advanced geomorphic analysis,
including quantifying potential sediment transfer
ability (Grauso et al., 2018; Martini et al., 2022),
supporting the development of open-source analyti-
cal tools (e.g., Crema, Cavalli, 2018; Kushabaha et
al., 2025, etc.), and enhancing hazard assessment by
capturing morphodynamic changes and predicting
preferential sediment routing pathways in debris-
flow prone watersheds (e.g., Torresani et al., 2023).
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These applications affirm the IC as a metric for un-
derstanding sediment dynamics and its role in haz-
ard mitigation (Heckmann et al., 2018).

The present work analyzes the IC to quantify
the relationship between IC values and debris flow/
debris flood occurrence in several small watersheds
northeast of Anton Village. The torrential deposi-
tions are typical for the area east of Anton Village
(Mishev et al., 1962), and at least one extreme de-
bris flow event in the last 100 years was confirmed
by historical records (Kerenski et al., 1977). Fur-
thermore, the recent field data indicate contem-
porary, low-intensity activity of these flows. The
methodology integrates GIS-based analysis with
field-validated data on sediment sources and trans-
port efficiency, and investigates how the spatial dis-
tribution of unstable slope deposits, geology, and
streambed morphology converge to determine the
overall connectivity of the watersheds. While previ-
ous studies in this area have utilized basic morpho-
metric parameters like the Melton ratio for general
flow-type classification (Dotseva, Gerdjikov, 2020;
Dotseva, 2020), this paper elevates the analysis by
focusing on IC as a diagnostic indicator of debris
flow susceptibility.

Study area

The present study focuses on five watersheds, lo-
cated on the southern slopes of the Stara Plani-
na Mountains, northeast of the village of Anton
(Fig. 1a). The dominant rock types in the study
area are Paleozoic low- and high-grade metamor-
phic rocks, along with Carboniferous granitic and
granodioritic rocks of the Vezhen Pluton (Fig. 15).
The Zlatitsa basin fill is represented by Quaternary
sediments (alluvial, colluvial, and deluvial), which
formed coalescing fans. Quaternary loose accumu-
lations were distributed like screes on slopes, in riv-
erbanks, and on riverbeds.

The region’s geology is complex and results
from a polyphase evolution, including extension,
compression, and post-orogenic collapse. The neo-
tectonic Zlatitsa normal fault, the main control-
ling fault structure, is clearly geomorphologically
expressed (Glabadanidu et al., 2012) and inher-
its and reactivates older compressional structures
(Gerdjikov et al., 2017), such as the Variscan duc-
tile Sturgel-Boulovanya shear zone (Gerdjikov et
al., 2007) and the Late Alpine brittle Bunovo-An-
ton fault zone (Dotseva et al., 2016), which have
a strong effect on the rock strength. The highly
fractured nature of the metamorphic and granodi-
oritic rocks, the influence of the Zlatitsa fault, and

inherited older compressional structures lead to
widespread fracture networks, which reduce rock
strength and facilitate the continuous generation of
easily mobilized colluvium. The area also shows
signs of contemporary seismic activity, as evi-
denced by recent earthquakes, suggesting ongoing
tectonic movements (Radulov et al., 2023).

The topography is defined by high relief, deeply
incised, V-shaped valleys, and steep slopes, with el-
evations ranging from approximately 700 m to over
2000 m (Fig. 1a). The entire drainage network with-
in the northern board of the Zlatitsa basin is oriented
north-to-south, crossing the basin before flowing
into the main Topolnitsa River. The watersheds in
the study area are small, with drainage areas typi-
cally ranging from 1 km? to a few square kilometers.
They are characterized by abundant unstable slope
deposits (Fig. 1¢), which are the primary source of
sediment for saturated flows, and which are con-
tinuously produced also by long-term weathering
and mass wasting processes. The climate in the re-
gion is temperate continental, with significant sea-
sonal variations in precipitation. The combination
of intense, short-duration rainfall events and spring
snowmelt could provide the necessary hydrological
triggers for saturated flows. Vegetation cover tran-
sitions from grass and shrubs above 1500-1600 m
(where intensive erosion is prevalent) to forests in
the lower parts, influencing slope stability and sedi-
ment delivery.

Data and methods

The study employed an integrated approach that
combined GIS-based calculations and field surveys.
The IC was calculated to assess the potential for
sediment transfer from hillslopes to the main chan-
nel. The calculation followed the approach pro-
posed by Borselli et al. (2008) and further refined
by Cavalli et al. (2013). In this framework, the IC
is expressed as a ratio between an upslope compo-
nent (UC) and a downslope component (DC). The
UC represents the potential of a cell to produce and
deliver sediment, and it is a function of the upslope
contributing area (A), local slope (S), and a weight-
ing factor (W) that accounts for surface roughness.
The DC represents the impedance to sediment trans-
fer along the flow path to the nearest sink, expressed
as the weighted length of the downslope flow path.
A high IC suggests that available sediment is effi-
ciently connected to the drainage network, increas-
ing the likelihood of a rapid shift in flow rheology
upon saturation, while low connectivity suggests
sediment is locally trapped.
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To provide context for the IC and to validate
the geomorphic settings, we used published mor-
phometric data, including the Melton Ratio (Rm),
Watershed Area (A), and Hypsometric Integral (Hi)
(Dotseva, Gerdjikov, 2020), to assess the stage of

geomorphic evolution and to establish a compara-
tive baseline for flow classification against the IC
results. Additional morphometric indices, such
as Drainage Density (DD), Stream Power Index
(SPI — Moore et al., 1991), and Longitudinal River
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Fig. 1. a, location and elevation map of the studied watersheds (1_W-5_E) and their associated alluvial fans, outlined with dashed
lines; b, geological representation of the study area (after Antonov et al., 2010); ¢, slope deposits in watersheds 2 W and 3 _C;
d, Index of Connectivity (IC) and watershed’s parameters — IC mean, Melton’s Ratio (Rm) and Area (A).
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Profiles, were derived from a 10 m ALOS DEM
(JAXA, 2018) to characterize channel geometry,
channel steepness, and to identify knickpoints as
indicators of active erosion and the efficiency of
water and sediment routing.

Field surveys were conducted to ground-truth
the IC input parameters and to validate the model
outputs. The fieldwork focused on the assessment
and characterization of colluvial deposits (thick-
ness, composition, and stability), bedrock lithology,
and geomorphic evidence of past events such as
scour zones, levee formation, and depositional fans.
These observations were used to classify the stud-
ied watersheds and served as dependent variables
for correlation with the calculated IC values.

Results

Index of Connectivity (IC)

The obtained values of IC within the study water-
sheds show a pronounced spatial variability con-
trolled by topography and channel network organi-
zation. The relatively wide range of values (0.24 to
6.32) denotes a strong spatial heterogeneity, driven
by slope gradients and the alternation of erosional
and depositional domains. Zonal statistics con-
firmed that the mean IC across all five basins is
remarkably high and uniform, ranging from a mini-
mum of 1.93 (Watershed 2 W) to a maximum of
2.10 (Watershed 5_E) (Fig. 1d). The mean IC value
for all five basins (2.02) reflects an intermediate to
high level of sediment connectivity, consistent with
the predominance of steep topography, though local
variations suggest the presence of both highly con-
nected slope sectors and low-connectivity deposi-
tional zones within channels.

The highest IC values concentrated along the
main drainage lines and on steep upper hillslopes,
indicating efficient sediment transfer pathways to-
ward the outlet. Intermediate IC values occur across
mid-slope areas where local variations in slope and
vegetation cover partially limit the connectivity.
The lowest IC values are distributed across inter-
fluve zones, flat hilltops, and depositional channel
sectors, reflecting low hydrological and sediment
connectivity and the presence of local storage ar-
eas of colluvial material. These zones function as
temporary sediment storage areas, reducing down-
stream connectivity under normal hydrological con-
ditions. However, under high-magnitude events,
reactivation of these deposits could locally increase
sediment flux and temporarily raise connectivity to-
ward the main outlet.

GIS and field analysis showed a strong correla-
tion between watersheds with a high debris flow sus-
ceptibility and areas underlain by highly fractured
metamorphic and igneous rocks. These geological
units are more susceptible to weathering, leading to
the formation of a thick layer of unstable colluvium
on steep slopes in the upper and lower parts of the
watersheds. Field surveys confirmed that these de-
posits, composed of loose, angular rock fragments
in a fine-grained matrix, serve as the primary sedi-
ment source for debris flows. Furthermore, the dis-
tinct drainage pattern, where connectivity rapidly
transitions from low IC to high IC in the upper parts
of the watersheds, suggests that the slopes are vul-
nerable to gully incision. If a minor drainage line
incises deeply enough to connect a large volume of
previously green (low IC) stored sediment, the haz-
ard potential will increase.

Supporting geomorphic data for debris
flow susceptibility

To provide a comprehensive assessment of the
transport hazard potential for the five study water-
sheds, a dual-criteria classification was employed,
combining the established Rm for event type dis-
crimination with the estimated Mean IC for evalu-
ating structural transport efficiency. Consequently,
all basins are classified as having a structural pre-
disposition for debris flow events. This high degree
of ruggedness indicates that when mobilization oc-
curs, the high available relief will favor the genera-
tion of high-concentration, mass-wasting events.

The analysis of the morphometric data revealed
that watersheds possess Rm values exceeding the
0.5 threshold, ranging from 0.545 (Watershed 3_C)
to 0.741 (Watershed 5 _E). Notably, Watershed 3 C
presents the highest combined hazard potential. De-
spite having the lowest Rm among the group and
classified as debris flood or mixed (Dotseva, Gerd-
jikov, 2020), its Mean IC (2.05) is one of the high-
est, indicating the most efficient structural network
for sediment routing. This finding reinforces the
conclusion that the structural organization captured
by the IC is a more critical control on overall trans-
port efficiency than the absolute magnitude of basin
ruggedness alone.

The calculated SPI values demonstrated a strong
spatial correlation with the steep, deeply incised
upper reaches and main channels of all five wa-
tersheds. The high SPI values are detected along
the main trunk streams, indicating extremely high
transport efficiency, or were concentrated in the re-
gions identified as having high sediment connectiv-
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ity and abundant colluvial material. This high ener-
gy confirms the physical capacity of the channels to
entrain and mobilize the readily available sediment,
which could rapidly change the rheology from a
water-dominated flow to a debris-dominated flow
upon saturation.

The Hi indicated that most watersheds are in a
mature geomorphic stage, suggesting a history of
sustained erosion and sediment production. Fur-
thermore, the analysis of stream longitudinal pro-
files identified numerous knickpoints in the debris
flow-prone watersheds, indicating recent headward
erosion and channel rejuvenation, which contribute
to slope instability.

Conclusions

The study demonstrates that the IC effectively cap-
tures the structural controls on sediment transfer in
watersheds northeast of Anton Village. High IC val-
ues are driven by abundant slope deposits derived
from fractured metamorphic and igneous rocks and
high downslope efficiency provided by steep, incised
channels and high stream power. The highest IC
values are concentrated along stream channels and
the steepest primary tributaries, confirming that the
transport network is highly efficient in routing large
sediment volumes downstream. These factors facili-
tate the rapid mobilization of slope deposits, enabling
swift transitions from water flow to debris flow dur-
ing high-intensity rainfall. In addition, the analyses
of Hi and longitudinal stream profiles reveal that the
watersheds are dynamically adjusting to erosion, as
evidenced by knickpoints and high stream power.
All five watersheds meet the Rm threshold for de-
bris flow initiation and exhibit uniformly high sedi-
ment connectivity (Mean IC 2.02), indicating a very
high debris flow hazard potential. Slight variations in
mean IC, such as in Watershed 3 _C (2.05) and Wa-
tershed 5_E (2.10), suggest marginally more efficient
sediment routing in these basins.

The analysis also examines the link between ba-
sin ruggedness, quantified by the Rm, and the struc-
tural potential for sediment transport, quantified by
the Mean IC. Statistical analysis yielded a statisti-
cally negligible correlation, suggesting that Rm and
Mean IC are measuring two independent physical
controls within this specific environment. Rm pri-
marily reflects the long-term tectonic and erosional
processes that determine total relief and steepness,
and its high value confirms the potential energy
for mass failure. On the other side, IC reflects the
current structural organization of flow paths and is
likely controlled by spatially uniform factors across
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the study area, such as consistent subsurface lithol-
ogy, homogeneous land cover, or a similar degree
of channel entrenchment.

Overall, the IC offers a robust, quantitative meas-
ure of landscape vulnerability. Combining IC with
geomorphic and geological data could provide a ba-
sis for semi-quantitative risk assessment (S-QRA)
and multi-criteria decision analysis (MCDA). Fu-
ture research should integrate this framework with
precipitation thresholds and vulnerability data to
develop a comprehensive regional risk profile, ac-
counting for potential impacts of climate change on
flow frequency and magnitude.
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