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The evolution of fluviokarst landscapes results from the interplay of karst and fluvial processes, all driven by
rock uplift or base level fall. The fluviokarst landscape of the Murge Plateau in the central Apulian Region
(southeastern Italy) is characterized by narrow, steep-sided, V-shaped canyons, locally called ‘Gravine’, and
deeply incised into the Plio-Pleistocene deposits of the Bradanic Trough and the underlying Apulian limestone
bedrock. Previous studies propose alternative models of canyons development, however identifying a dominant
morphogenetic process for the evolution of the ‘Gravine’ fluviokarst drainage basins remains an open question.
The results of our regional morphometric analysis reveal amarked transition from the relict, low-relief landscape
preserved in theMurge uplands to the steep channel reaches below prominent knickpoints showing evidence of
a transient wave of river incision that is propagating inland. We observe anomalies of mean local relief and
channel steepness, and the distribution of fluvial knickpoints consistent with a regional uplift affecting the
Murge Plateau sinceMiddle-Late Pleistocene. These findings demonstrate that the history of landscape evolution
was dominated by fluvial processes. Using transformed river profile analysis we show that χ anomalies in the
‘Gravine’ trunk channels indicate drainage basin instability by drainage area capture. The convex-shape of the
hypsometric curves and high hypsometric integrals confirm that the disequilibrium state of the 13 analyzed
basins results from a combination of regional uplift and subsequent river network reorganization and plateau
area captures. Based on our results, we propose a newmodel of landscape evolution for the ‘Gravine’ fluviokarst
drainage basins.

© 2019 Published by Elsevier B.V.
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1. Introduction

TheMurge Plateau in the central ApulianRegion (southeastern Italy)
is a low-relief landscape, entirely underlain by Mesozoic carbonate
rocks, thereby characterized by distinctive karstmorphological features,
such as dolines, cave systems, and poljies that indicate prolonged
dissolution (Moresi and Mongelli, 1988; Delle Rose and Parise, 2002;
Parise, 2006). However, fluviokarst canyons (locally called ‘Gravine’)
developed along the southwestern margin of the Murge Plateau
(Boenzi, 1954; Tropeano, 1992; Mastronuzzi and Sansò, 1993; Parise,
2007), where the remains of siliciclastic regressive deposits of
the Bradanic foredeep are superimposed on the limestone bedrock
(Mongelli and Ricchetti, 1970; Ricchetti, 1980; Casnedi, 1988). The
sharp morphological differences between the inner Murge Plateau and
the impressive, up to 200 m deep fluviokarst canyons flowing to the
southwest, suggest a transient response of the fluviokarst landscape
. Donnaloia).
caused by a change in the rate of either rock uplift or base-level fall
(e.g., Bishop et al., 2005; Berlin and Anderson, 2007; Kirby and
Whipple, 2012; Whittaker, 2012; Scotti et al., 2014).

River networks preserve a record of the history of landscape
evolution because continuous interplay between tectonics, climate
and earth surface processes sets the relief and shape of drainage basins
(Whipple and Tucker, 1999; Willett et al., 2014; Giachetta and Willett,
2018a). Onemethod of interpretingfluvial landscapes and investigating
the factors influencing river incision is the analysis of longitudinal river
profiles (Snyder et al., 2000; Wobus et al., 2006; Perron and Royden,
2013). River profiles with a smooth, concave-upward longitudinal
profile are the expression of equilibrium between erosion, rock uplift,
and climate (Gilbert, 1877; Mackin, 1948; Leopold and Maddock,
1953). Deviations from the graded shape of river profiles indicate
disequilibrium produced by recent changes of factors controlling
landscape denudation (Tucker and Slingerland, 1997; Whipple and
Tucker, 1999). In fluviokarst landscapes, the interpretation of river
profiles is potentially impacted by other factors governing the evolution
of channel networks, such as the relative influence of dissolution and
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mechanical processes on the erosion of the river bed, diversion of
surface flow to the subsurface karst systems, and groundwater sapping
(e.g., Dunne, 1980, 1990; Schorghofer et al., 2004; Anthony and
Granger, 2007;Woodside et al., 2015; Francis et al., 2018). Furthermore,
repeated transitions from a prevalence of dissolution processes to
dominant fluvial erosion can result in hybrid or transitional landforms
and complex patterns of erosion that render the interpretation of the
fluviokarst landscape in terms of climate or uplift change problematic
(Gallen and Wegmann, 2017; Phillips, 2017, 2018).

A few studies explored the formation and evolution of the ‘Gravine’
canyons in the Murge Plateau, although the relation between tectonics
and erosion as well as the relative dominance of fluvial and karst pro-
cesses is still controversial. Itwas argued that the regional tectonic uplift
has affected this area since the Middle-Upper Pleistocene creating
preferential water flow pathways and encouraged the development of
karst processes along discontinuities (Beneduce et al., 2004), which
progressively affected the limestone bedrock. Hence, in addition to the
physical erosion exerted by concentratedwaterflow, themorphological
evolution of these landforms was subordinately linked to limestone
dissolution (Mannella, 1977). Chemical weathering of the limestones
bedrock causedwidening of fractures, thereby favoringmechanical ero-
sion and deep incision of the ‘Gravine’ canyons (Beneduce et al., 2004).
Conversely, Boenzi et al. (1976) proposed that the ‘Gravine’ valleys have
a fluvial origin, arguing that an antecedent drainage network formed
over the siliciclastic units and thus, it was superimposed by the progres-
sive incision of the canyons into the underlying carbonate rocks.
Mastronuzzi and Sansò (2002) argued that groundwater sapping was
the main process involved in the development of the fluviokarst
canyons in the southwestern Murge Plateau. The authors proposed
that the almost flat morphology of the Murge Plateau, the calcareous
nature and high permeability of its terrains concentrated groundwater
sapping and retrogressive incision in the channel heads of the ‘Gravine’
canyons (Kirkby and Chorley, 1967; Dunne, 1980; Mastronuzzi and
Sansò, 2002).

In this study, we perform a morphometric analysis at the regional-
to-catchment scale to investigate the Quaternary landscape evolution
of the western Murge Plateau. We examine the regional tectonic signal
and the geomorphic response by calculatingmorphometric parameters
from a Digital Elevation Model (DEM) at 90 m resolution. We investi-
gate the state of equilibriumof the ‘Gravine’ by analyzingmorphometric
indexes of 13 catchments and identify anomalies in the trunk channels
from longitudinal and transformed river profiles. Our main goals are to
characterize the transient state of these fluviokarst drainage basins that
was produced by the Quaternary uplift of the Apulian foreland and to
determine whether fluvial processes dominated in the subsequent
development of the ‘Gravine’. Based on our results and observations,
we develop a conceptual model of Quaternary landscape evolution for
the western Murge Plateau.

2. Geological and geomorphological settings

The Murge Plateau is located in the central Apulia Region and
represents the foreland of the Southern Apennines fold-and-thrust
belt that developed by the convergence between the African and
Eurasian plates during the Cenozoic (Dewey et al., 1989; Billi, 2005).
The Murge Plateau consists of a 6 km thick sequence of shallowmarine
limestones and dolomites of the Calcare di Bari and Calcare di Altamura
Mesozoic lithostratigraphic formations (D'Argenio, 1974) that were
flexurally exposed and karstified since the Late Cretaceous (Tropeano
and Sabato, 2000; Tropeano et al., 2002). Starting from the Late
Pliocene-Early Pleistocene, a wide area of the western Apulian carbon-
ate platform underwent tectonic subsidence associated to the east-
southeastwardmigration of the Southern Apennines belt and the simul-
taneous development of the Bradanic Trough, a flexural depression at
the front of the thrust belt (Iannone and Pieri, 1982; Patacca and
Scandone, 2001; Tropeano et al., 2002). During the initial phase of
flexural subsidence, the Apulian carbonate bedrock was covered by
the accumulation of foredeep sediments consistingmainly of turbidites,
followed by the deposition of Upper Pliocene to Quaternary sediments,
consisting of hemipelagic silty clay, and finally, coarse-grained, shallow-
marine siliciclastic and carbonate sediments of the last regressive cycle
(Valduga, 1973; Ciaranfi et al., 1979).

The regional tectonic trend changed since Middle-Late Pleistocene
times, when the whole area underwent regional uplift that resulted in
about a 1 km flexural bulge of the Apulia foreland (Billi and Salvini,
2003), coeval uplift of the Bradanic foredeep deposits up to 500–
600m, and deposition of a staircase of marine terraces along the Ionian
coast (Tropeano et al., 2002). Ferranti et al. (2006) estimated the
vertical displacement rates affecting the Central Mediterranean since
the Last Interglacial sea level highstand (MIS 5.5) based on the relative
altitude distribution of geomorphological markers, such as marine
terraces, notches, and other biological indicators. The estimated
Quaternary uplift rates varied from a maximum of 0.25 mm/yr along
the Ionian coast, to 0–0.02 mm/yr along the Adriatic coast (Ferranti
et al., 2006).

Differential rates of flexural retreat across adjacent segments
resulted in the transverse accommodation faults and the fragmentation
of the present Apulian forebulge into three structural domains (Royden
et al., 1987; Favali et al., 1993; Mariotti and Doglioni, 2000; Billi, 2005):
the Gargano Promontory located in the northern part of Apulia, the
Murge Plateau in the central part, and the Salento Peninsula in the
southern part (Fig. 1a). The Murge Plateau is separated from the
Gargano Promontory by the Ofanto Graben, and from the Salento
Peninsula by an escarpment called Soglia Messapica (Pieri et al., 1997;
Festa et al., 2018).

The main landscape components of the study area are: (1) the
low-relief top surface of the Murge karst Plateau that is almost entirely
underlain by Mesozoic carbonate rocks; (2) the southwestern
escarpment of the Murge plateau, where the contact between the
Plio-Pleistocene siliciclastic deposits and the underlying Mesozoic
carbonates is exposed; and (3) the eastern margin of the Bradanic
Trough, extending along the Ionian coastal plain that is underlain by
Quaternary marine and continental terrace deposits (Fig. 1b).

The Murge Plateau corresponds to a morpho-structural high in
the Apulian carbonate platform forming a wide antiformal structure.
The Higher Murge Plateau is the inner portion of the plateau that
reaches the higher elevations, while the Lower Murge Plateau is
the portion of the plateau with progressively lower elevations
toward the Adriatic Sea. Large-scale karst landforms, such as dolines
and caves are mostly found in the Higher Murge Plateau (Parise,
2003; Parise, 2006). The karstification of the Murge Plateau is
related to the recurring phases of subaerial exposure of the Apulian
Mesozoic carbonates since the Upper Cretaceous. Consequently,
most karst areas of the Murge Plateau are extensively covered by
‘Terra rossa’, a clay-rich residual soil resulting from the dissolution
of the underlying carbonates (Moresi and Mongelli, 1988), that
can locally be up to 10 m thick in morphological depressions
(Spalluto and Caffau, 2010).

The landscape of the western Murge Plateau is characterized by the
canyons of the ‘Gravine’ fluviokarst drainage basins that developed
along a prominent, southwest-facing plateau escarpment. The ‘Gravine’
are ephemeral streams with low discharge for most of the year, but
during heavy rainfall events they have a torrential flow regime asso-
ciated with episodic fluvial erosion. The relatively impermeable top
layer consisting of Plio-Pleistocene clays and ‘Terra rossa’ residual
soils in the upper ‘Gravine’ catchments could significantly contribute
to increase surface runoff on the Murge Plateau, and cause the fre-
quent floods reported in the ‘Gravine’ streams by historical data
(e.g., Manfreda et al., 2015, and references therein). Several ‘Gravine’
streams are allogenic streams sourcing in adjacent clastic rocks of
the Bradanic Trough, rather than deriving their streamflow from
the karst areas.



Fig. 1. a) Schematic structuralmap of the Apulia region (modified from Pieri et al., 1997); b) geological sketch of the study area, draped over shaded relief. Analyzed streams are displayed
(S1= Torrente Gravina stream, S2= Gravina di Matera stream, S3= Gravina di Ginosa stream, S4= Gravina di Laterza stream, S5 = Gravina di Montecamplo stream, S6= Gravina di
Castellaneta stream, S7=Gravina di Palagianello stream, S8=Gravina Capo di Gavito stream, S9=GravinaMonte S. Elia stream, S10=Gravina di Leucaspide stream, S11=Gravina di
Mazzaracchio stream, S12 = Canale Visciolo stream, S13 = Gravina di Villa Castelli stream).
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The ‘Gravine’ canyons are narrow, steep-sided, V-shaped valleys
deeply incised into Plio-Pleistocene deposits and underlying limestone
bedrock (Fig. 2a). The canyon flanks display a gentler slope where the
Plio-Pleistocene calcarenites deposited on top of the Mesozoic lime-
stones exist. The flanks of the ‘Gravine’ streams are locally affected
by hillslope instability that is favored by the presence of intense rock
fracturing and karst cavities (Fig. 2b). Most of the channels consist of
Fig. 2. Gravina di Matera: a) aerial view of the sub-horizontal plateau surface and the valley in
stream bed and d) plucking along strata.
limestone bedrock covered by a patchy veneer of limestone gravels.
Limestone blocks are supplied locally by the steep valley sides
and transported downstream during extreme flood events (Fig. 2c).
Plucking of rock particles from the river bed is frequently observed
along the channels (Fig. 2d).

The stepped surface morphology corresponding to a flight of
Pleistocene marine terraces characterizes the landscape below the
cision, b) karst cavities c) subrounded to angular pebbles and cobbles along the Gravine
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westernMurge Plateau. Along the southwestern Apulianmargin, raised
marineplatformswere cut into the limestone bedrock and the overlying
sediments of the Bradanic Trough, and are found at elevations up to
400 m above sea level (Mastronuzzi and Sansò, 2002). The oldest
terrace is deeply incised by the ‘Gravina Gennarini’ and ‘Gravina di
Leucaspide’ streams and is 300 ky old (Dai Pra and Steams, 1977;
Mastronuzzi and Sansò, 2002). The Pleistocene marine deposits stretch
200 km along the Ionian coast and their elevation decreases from north
to south, indicating regional tilting (Dai Pra and Hearty, 1988; Bordoni
and Valensise, 1998; Cucci and Cinti, 1998; Amato, 2000; Ferranti
et al., 2006).

3. Methods

3.1. Swath profiles and local relief

The analysis of topographic swath profiles was used to perform a
large-scale analysis of relief and to characterize the spatial pattern
of tectonic deformation across the Apulian foreland (Isacks, 1992;
Fielding et al., 1994; Grohmann, 2004; Telbisz et al., 2013). We
extracted three topographic swath profiles from the Shuttle Radar
Topography Mission (SRTM) 90 m resolution DEM, using the ‘swath’
function implemented in the Topotoolbox version 2.0.1 for the
MATLAB software (Schwanghart and Scherler, 2014). Two of these
profiles cross theMurge Plateau at its largest width and one at its largest
length. We subdivided each profile into a series of parallel, 5 km long
and 500 m wide, rectangular swaths centered on each profile. The
swath profile was obtained by projecting the elevation data from each
rectangular swath onto a vertical plane and calculating the mean,
maximum, and minimum elevations. We generated a map of mean
local relief (Ahnert, 1970; Gilchrist et al., 1994; Hurtrez et al., 1999;
Kühni and Pfiffner, 2001; Montgomery and Brandon, 2002) of the
study area to explore the spatial distribution of landscape dissection
by streams and highlight differences in geomorphic response across
the Murge Plateau landscape. We extracted the maximum and
minimum elevation grids from the original DEM by using the
“localtopography” Topotoolbox function (Schwanghart and Scherler,
2014) and a circular moving window with a radius of 1 km, which is
the average distance between the major Gravine valleys in the western
Murge Plateau. The local relief map was obtained by subtracting the
minimum elevation grid from the maximum elevation grid.

3.2. Morphometric analysis of drainage basins

We performed a morphometric analysis at a basin scale to
investigate the landscape response to the Quaternary regional uplift.
All morphometric parameters were determined from the 90 m resolu-
tion SRTM DEM using GIS-based techniques implemented in the
Topotoolbox version 2.0.1 (Schwanghart and Scherler, 2014).

The Hack's law, is an empirical scaling relationship between channel
length, L, and drainage area, A (Hack, 1957):

L ¼ c � Ah; ð1Þ

where c is a dimensional coefficient that varies among basins [L2−h] and
h is a dimensionless constant that was found to be 0.5–0.6 for a variety
of basin areas (Hack, 1957; Gray, 1961; Leopold et al., 1964; Mueller,
1972). We performed a linear regression in a log distance - log
area graph calculating the Hack's index, h, and the coefficient c,
to characterize river networks in our fluviokarst drainage basins.

To investigate the relations between relief, uplift, and denudation in
the selected catchments, we calculated the mean local relief (mlr), its
standard deviation, and the total relief (tbr) (Ahnert, 1970; Frankel
and Pazzaglia, 2005). To investigate the state of equilibrium between
uplift and erosion processes, we calculated the basin hypsometric
curve and the Hypsometric Integral (HI index) (Strahler, 1952). The
shape of hypsometric curves provides evidence of the basin evolution-
ary stage and highlights local effects of erosion and tectonic uplift
(Strahler, 1952). S-shaped or almost straight hypsometric curves
indicate near-equilibrium and actively eroding landscape; a convex
shape of the hypsometric curve suggests instability due to base level
fall. Concave hypsometric curves are typical of basins dominated by
fluvial incision in tectonically stable landscapes. The HI index varies be-
tween 0 and 1: high HI values can be related to disequilibrium between
uplift and erosion produced by recent tectonic activity, whereas low HI
could indicate that fluvial activity dominates erosion processes in tec-
tonically stable catchments (Strahler, 1952; Willgoose and Hancock,
1998; Hurtrez et al., 1999).

3.3. River profile and χ-plot analysis

The elevation of longitudinal river profiles is controlled by the inter-
play between uplift rate, U, and erosion rate, E, and the rate of elevation
change at a location x along the channel and at time t is described by
Whipple and Tucker (1999):

∂z
∂t

¼ U x; tð Þ−E x; tð Þ; ð2Þ

where the erosion term E is oftenmodelled using the stream-power law
(Howard and Kerby, 1983; Howard, 1994; Whipple and Tucker, 1999)
that relates channel incision into bedrock to upstream drainage area,
A, and channel slope, S:

E ¼ KAmSn; ð3Þ

Here, K is bedrock erodibility, and m and n are positive dimension-
less constants (Whipple and Tucker, 2002). A perfect slope-area scaling
is expected for steady-state river profiles form Eqs. (1) and (2) (Hack,
1957):

S ¼ ksA
−θ; ð4Þ

where the channel steepness ks is a function of rock uplift and bedrock
erodibility, and θ = m/n is the channel concavity (Flint, 1974). This
scaling is empirical, but is consistent with a wide range of incision
laws. Equilibrium river profiles typically exhibit a concavity index of
0.35–0.6 (Whipple and Tucker, 1999).

Digital elevation models can be used to extract information about
uplift and stream-power parameters (θ and ks indexes) from regression
on log-log plots of slope and drainage area data (Wobus et al., 2006),
although this methodology has some relevant disadvantages. A signifi-
cant limitation of the slope-area analysis is that taking the derivative
of already noisy elevation data enhances unwanted data scatter in
slope–area plots, reducing the accuracy of identified power-law trends
(Perron and Royden, 2013).

Recently, a method has been developed for the analysis of longitudi-
nal stream profiles that is based on the integral form of the steady-state
river profile that is obtained by integrating both sides of Eq. (4) with
respect to distance:

z xð Þ ¼ z xbð Þ þ ks

Z x

xb

dx

A xð Þθ
; ð5Þ

where z is elevation and z(xb) is the elevation at a base level. For the
simple case of uniform U and K, Eq. (5) can be simplified to (Giachetta
and Willett, 2018a):

z xð Þ ¼ z xbð Þ þ Ao
−mksχ; ð6Þ
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The quantity χ is an integral function of position along the channel
network and has dimensions of length:

χ ¼
Z x

xb

Ao

A xð Þ
� �θ

; ð7Þ

where A0 is an arbitrary scaling area. When a value of A0 = 1 is used,
ks is simply the slope of the elevation against χ plot (Yang et al.,
2015). The integral form of the stream power model in Eq. (6)
predicts that equilibrium river profiles will be identified by a straight
line (Perron and Royden, 2013). To analyze the state of equilibrium
of the studied basins, we calculated the χ-plots of channel networks
and determined the best-fit concavity and steepness indexes for each
basin by regression analysis (Perron and Royden, 2013). We
performed a linear least-squares regression through χ-elevation
data of each basin and obtained the best-fit value of m/n producing
the highest R2.

We performed a river profile analysis using the integral approach
implemented in the TopoToolbox v. 2.0.1 (Schwanghart and Kuhn,
2010; Schwanghart and Scherler, 2014). After DEM filling, a flow
direction grid was obtained by using the ‘FLOWobj’ TopoTollbox
function. The stream network was determined by calculating
the flow accumulation grids using the ‘flowacc’ Topotoolbox func-
tion and a threshold area of 106 m2 for channel head initiation
(Montgomery and Foufoula-Georgiou, 1993; Wobus et al., 2006).
We delineated 13 drainage basins from the flow-direction grid and
extracted the main stem from each basin (Fig. 1). We calculated
the χ-plot for the river network of each drainage basin using the
‘chiplot’ Topotoolbox function (Schwanghart and Scherler, 2014),
which performs a linear regression analysis through χ-elevation
data to find the best-fit basin concavity (Eq. (7); Perron and
Royden, 2013).

The steepness index, ks, is sensitive to spatial variations of lithol-
ogy, climate and rock uplift, and it covaries with the concavity index,
θ. Thus, to compare the steepness indexes from drainage basins with
different best-fit concavities, we constructed the χ-plots of trunk
channels using a reference concavity θref = 0.45, and derived values
of normalized steepness index, ksn (Wobus et al., 2006; Kirby
and Whipple, 2012). We identified linear channel reaches along the
χ-plot of each trunk channel and determined their ksn value as
the slope of the regression line (Gallen and Wegmann, 2017;
Fig. 7). For each basin, we constructed the χ-plot of the trunk
using a scaling area of A0 = 1 m2, and a reference river concavity
θref = 0.45 (Eq. (7)). For each trunk, we identified linear channel
segments bounded by significant slope breaks in the linear
scaling between χ and elevation data (knickpoints). We per-
formed linear regression through each linear χ-plot segment to
quantify the normalized channel steepness index ksn (Gallen
and Wegmann, 2017).

We used 1:100 000 geologic maps from the Servizio Geologico
d'Italia: ‘Foglio 188’ (Azzaroli et al., 1968a, 1968b), ‘Foglio 189’
(Azzaroli et al., 1968a, 1968b), ‘Foglio 190’ (Merla and Ercoli, 1971),
‘Foglio 200’ (Boenzi et al., 1971a, 1971b), ‘Foglio 201’ (Boenzi et al.,
1971a, 1971b) and ‘Foglio 202’ (Martinis and Robba, 1971) as working
base to identify rock type changes and tectonic features along each
river. The main lithologies cropping out in the selected basins were
digitized (Fig. 1) and classified as: Meso-Cenozoic carbonate units of
the Apulian foreland (limestones and dolostones); Plio-Pleistocene
calcarenites; Plio-Pleistocene clays, sandstones, and conglomerates of
the Bradanic Trough regressive cycle; Pleistocene marine terrace
deposits; and Holocene fluvial terraces and alluvial deposits. To
determine whether the spatial changes of channel steepness correlate
with lithology, we used Eq. (4) and a reference concavity θref = 0.45
to derive a map of the normalized channel steepness index, ksn, from
the DEM (Wobus et al., 2006).
4. Results

4.1. Swath profiles and local relief analysis

TheMurge Plateau consists of a karstic ridge elongated in the NW-SE
direction (Fig. 3A and B), corresponding to the forebulge of the Apulian
foreland. The ‘horst and graben’ topography of theMurge resulted from
Quaternary extensional tectonics associated with the flexural uplift of
the Apulian foreland. The top of the Murge ridge separates a northeast-
ern side characterized by a stepped topography that gently dips to the
Adriatic Sea, and a karst plateau bounded by a steep tectonic escarp-
ment to the SW (Fig. 3A and C). The southwestern Murge escarpment
marks an abrupt transition between the karst plateau and the Ionian
coastal plain. Two tectonic escarpments also separate the Murge
topography from the Tavoliere di Puglia plain to theNWand the Salento
peninsula to the SE (Fig. 3A and B).

The northeastern side of the Murge karst landscape is dissected by a
system of shallow, ephemeral streams (locally known as ‘lame’)
discharging into the Adriatic Sea and characterized by narrow valleys
and torrential flow regime. The steeper southwestern escarpment of
theMurge limestone Plateau is incised by the ‘Gravine’ streams forming
narrow, deep and meandering fluviokarst canyons (Fig. 3B and C). Both
drainage systems source in the inner karst landscape, which extends
into areas displaying lower and more subdued relief (Fig. 4).

The higher local relief and slopes observed along the southwestern
flank of the Murge Plateau suggest higher long-term tectonic uplift
and erosion of the Gravine compared with the ‘Lame’ streams draining
the smoother, low-relief topographic surface on the opposite flank
(Fig. 4). On the northeastern side of the Murge ridge, local relief and el-
evations increase to the SE, where the Murge uplands terminate in a
prominent, NE-facing fault scarp (the ‘Selva di Fasano’ escarpment).
This steep inland cliff is ~40 km long and separates the easternmost
Murge karst Plateau and the coastal plain stretching along the Adriatic
coast (Fig. 3C, profile III-III′). Compared with the southwestern Murge
escarpment, this area is characterized by the total absence of hydrogra-
phy across the Selva di Fasano escarpment and a higher concentration
of karst features (dolines, poljies, and caves), suggesting that karst
dissolution of carbonate rocks is the dominant process.

4.2. Morphometric analysis of drainage basins

We performed a morphometric analysis of 13 ‘Gravine’ basins
draining the southwestern escarpment of the Murge Plateau (Table 1).
Catchment denudation rates scale with mean local relief (Ahnert,
1970). Interestingly, the ‘DB45’, ‘DB6’, and ‘DB7’ drainage basins include
larger plateau areas and exhibit lower mean local relief. We calculated
the hypsometric curves and integrals from the basin topography to
investigate the equilibrium state of each catchment and the relative
dominance of fluvial and hillslope processes along the southwestern es-
carpment of the Murge Plateau (Fig. 1). The ‘DB1’, ‘DB2’, ‘DB3’,’DB4’,
‘DB6’, and ‘DB7’ drainage basins include large portions of poorly incised
surfaces in their upper part, and exhibit steep channels downstream
and highHI index. The studied drainage basins do not display an inverse
correlation between catchment area and HI index, suggesting that the
hypsometric integral is not an indicator of the relative dominance of
hillslope and fluvial processes (Table 1).

Basins ‘DB1’–’DB7’, located in the western sector (Fig. 5A) display
convex hypsometric curves corresponding to higher HI values (0.47–
0.62), indicating actively uplifting basins. The steep toe in the lower
part of these curves suggests instability due to base level fall. The east-
ern group of basins ‘DB8’–’DB13’ (Fig. 5B) have hypsometric curves
with a more varied shape, from slightly convex (‘DB10’) to concave
(‘DB8’), and HI values ranging from 0.33 to 0.61. We estimated the
Hack's law coefficients (Eq. (1)) for each basin (Table 1). Most of the
basins display values of the area exponent, h, within the range of
0.5–0.6, and a mean value of 0.53.



Fig. 3. Topography of Murge area as determined by swath profiles taken along its (A) length (I-I′ profile) and (B, C)width (II-II′ and III-III′ profiles) showing the trend of maximum, mean
and minimum heights.

Fig. 4.Map of the local relief of Murge area overlain with the location of the 13 drainage basin DB1-DB13 analyzed in this study (white polygons).
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Table 1
mlr = mean local relief in a 500 m window, mlrstd = standard deviation of mean local
relief, tbr = total relief, HI = drainage basin hypsometric integral, h = Hack's index,
c = Hack's coefficient, L = channel length.

Basin name Basin area
(km2)

mlr
(m)

mlrstd
(m)

tbr
(m)

HI c h L
(km)

DB1 366.17 65.08 42.68 509 0.62 1.44 0.61 59.93
DB2 602.55 47.16 35.65 609 0.61 1.56 0.59 80.60
DB3 81.39 41.2 20.78 485 0.51 0.60 0.85 29.11
DB4 241.94 36.84 30.26 492 0.62 0.98 0.68 46.75
DB5 36.71 57.58 35.53 385 0.47 0.50 0.91 14.63
DB6 257.38 30.81 18.61 506 0.58 1.72 0.56 47.63
DB7 136.16 31.63 19.88 453 0.62 0.92 0.70 35.8
DB8 83.4 43.68 34.9 453 0.33 2.31 0.51 21.88
DB9 62.44 52.42 30.40 448 0.46 1.82 0.57 18.71
DB10 86.29 45.62 24.33 520 0.61 1.64 0.59 28.71
DB11 34.47 44.50 23.12 272 0.51 1.62 0.54 13.82
DB12 129.82 48.16 31.15 495 0.48 1.62 0.56 29.77
DB13 92.7 22.25 16.55 299 0.40 1.72 0.55 25.69
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4.3. River profiles, χ-plot, and steepness map analyses

We extracted 13 longitudinal profiles representing the main trunk
channel of each drainage basin (Fig. 6). Only bedrock channel reaches
were included in our analyses. In general, the longitudinal profiles
display two concave segments separated by a major convex reach
(knickpoint). Major knickpoints occur at 200–450 m and in a variety
of lithologies. Some river profiles exhibit minor knickpoints that are
related to local changes in rock type or normal faults. The upper concave
reaches are less steep than the lower ones and correspond to the low
relief landscape on the limestone plateau.

The best-fit values of m/n for the 13 basins ranged from −0.39 to
0.55. Most of the basins have a best-fitm/n value below 0.3, suggesting
that they are out of equilibrium. The ‘DB8’ and ‘DB13’ drainage basins
exhibit m/n values of 0.43 and 0.55 and R2 values of 0.58 and 0.75,
respectively, indicating that most of their channels are close to
equilibrium.

The ks value for each basin covaries with the best-fit concavity value
(Table 2). Most of the χ-plots display a marked increase of channel
steepness below a major knickpoint occurring at 200–450 m, indicating
transience due to a change of base-level fall. Minor changes of normal-
ized channel steepness are related to normal faults or lithology changes.
The ‘S1’ and ‘S13’ streams exhibit near-linear χ-plots, suggesting that
these river profiles could be close to equilibrium. We observed that the
major knickpoints of the ‘S2’, ‘S4’, ‘S6’ and ‘S7’χ-plots are shifted toward
lower χ values compared with adjacent streams. To test whether
Fig. 5. Hypsometric curves calculated for western (A) and eastern (B) b
disequilibrium in these river profiles was produced by area capture,
we recalculated the χ-plots of the ‘DB2’, ‘DB4’, ‘DB6’, and ‘DB7’ drainage
basins after removing the drainage area of the hypothesized capture
from the basin DEM (Fig. 8). The results of the drainage area test show
that the χ-plot of the trunk channel collapses toward the trend
displayed by the tributaries that were not involved in the area capture.

We used the map of the normalized channel steepness index
superimposed on the geological map of the Murge area to distinguish
regional trends and local effects related to lithology contrasts. The
steep fluviokarst canyons incising the southwestern Murge escarpment
have normalized channel steepness ksn N 60 m0.9 (Fig. 9), suggesting
that the underlying limestones represent the most resistant bedrock.
However, high anomalies of channel steepness, with ksn values increas-
ing up to N100 m0.9, were observed for the ‘Gravine’ streams draining
large portions of the low-relief landscape above the Murge Plateau. In
contrast, the ksn of channel segments above the Murge escarpment is
generally b20 m0.9, suggesting a transient landscape that is equilibrated
to a former base level. Minor steepness changes are related to lithology
contrasts between the limestone and siliciclastic rocks. Indeed, the
values of ksn decrease drastically in the areas below ~200 m, where
the transition from the Apulian carbonate to siliciclastic rocks of the
Bradanic Trough occurs.

5. Discussion

Our morphometric analysis documented a transient fluvial land-
scape along the southwestern margin of the Murge Plateau, where
prominent knickpoints marked the position of a transient wave of
river incision. The presence of preserved low relief surfaces in the up-
lands and the steep slopes below major knickpoints in the middle
reaches of the ‘Gravine’ trunk channels indicated disequilibrium be-
tween uplift and fluvial incision. In addition, most of the major
knickpoints displayed similar χ values, suggesting that the transient in-
cision could be related to a recent change of regional base-level.We also
found minor knickpoints in the lower and upper catchments corre-
sponding to lithological contrasts and fault traces juxtaposing different
lithologies. The convex-shape of the hypsometric curves and high
values of the HI index calculated for the analyzed drainage basins con-
firmed that disequilibrium was produced by the active regional uplift
since the Middle Pleistocene described by previous studies (Doglioni
et al., 1994, 1996; Patacca and Scandone, 2001). Prior research shows
the dependence of the hypsometric integral on catchment area: smaller
catchments display high hypsometric integrals, indicating dominance of
hillslope processes, whereas larger basins dominated by fluvial incision
display low hypsometric integrals (Willgoose and Hancock, 1998;
asin draining the southwestern escarpment of the Murge Plateau.



Fig. 6. Trunk channel river profiles for the 13 basins of this study plotted versus outlet. Rock types over which each river flow is shown by different colors. Knickpoints are shown as
black triangles.

Table 2
ks value, R2 and best-fit m/n values for the 13 basins.

Basin name Best-fit m/n R2 ks

DB1 0.26 0.87 0.93
DB2 0.05 0.68 0.02
DB3 0.18 0.94 0.32
DB4 −0.39 0.58 8.63 × 10−6

DB5 0.16 0.81 0.28
DB6 −0.02 0.93 0.074
DB7 −0.02 0.93 8.4 × 10−3

DB8 0.55 0.56 93.62
DB9 0.22 0.86 0.79
DB10 0.02 0.94 0.025
DB11 0.24 0.88 0.78
DB12 0.19 0.87 0.35
DB13 0.43 0.75 8.28
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Hurtrez et al., 1999). However, the inverse correlation between HI
indexes and drainage areas was not observed in the analyzed drainage
basins. The observed hypsometric integrals could be influenced by
other factors, such as lithology and tectonics (Lifton and Chase, 1992;
Hurtrez et al., 1999).

Our regional analysis revealed an interesting distribution of local
relief and normalized channel steepness: the highest values were
mostly observed in the northwestern drainage basins of the Murge
Plateau escarpment, whereas both local relief and ksn anomalies
decreased toward the southeast. The χ-plot analysis revealed also
steeper channel reaches in the downstream part of the western
‘Gravine’ drainage basins, suggesting that an uplift gradient decreasing
toward the southeast affected theMurge Plateau. Our results are consis-
tent with uplift rates inferred from the elevations of the 125 ka marine
terrace, which indicated a linear gradient of uplift along the Ionian coast
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during the Upper-Pleistocene, with amaximum rate of 0.31mm/year to
the northwest, and a minimum rate of 0.11 mm/year to the southeast
(Bordoni and Valensise, 1998; Mastronuzzi and Sansò, 2002). Field
studies show that knickpoints migrate very slowly when bedrock inci-
sion is controlled by plucking (e.g., Brocard et al., 2016). Although we
do not have direct measurements of knickpoints retreat rates, the alti-
tude and distance from outlet of major knickpoints in the ‘Gravine’
drainage basins does not seem to be the result of rapid sea-level changes
that occurred during the Quaternary, which reached the lowest sea-
level at 120m below present-day sea level during the last glacial period
(e.g., Snyder et al., 2000;Waelbroeck et al., 2002). This suggests that the
major knickpoints in the ‘Gravine’ drainage basins were produced by a
single, regional base-level change related to the uplift of the Apulian
region after the Middle Pleistocene that has since migrated toward the
Murge Plateau interior.
Fig. 7. χ versus elevation plots for analyzed channels (light blue lines). Knickpoints are shown
normalized channel steepness index (ksn). Bars show lithologic transitions (see Fig. 6 for legen
The ‘S2’, ‘S4’, ‘S6’ and ‘S7’ trunk streams displayed prominent
perturbations from the steady-state linear trend and anomalously
high steepness values in themiddle section of theχ-plot, corresponding
to the southwestern Murge Plateau escarpment (Fig. 7). Interestingly,
these catchments drain larger plateau areas and are characterized by
major knickpoints displaying lower χ values compared with adjacent
catchments, suggesting that perturbations from the equilibrium trend
were produced by drainage area captures from the Murge Plateau
(e.g., Giachetta and Willett, 2018b). The swath profiles revealed two
parts of the landscapes displaying marked differences in maximum
and minimum elevations, suggesting that the upper parts of these
catchments could represent old drainage networks equilibrated to a dif-
ferent base-level that underwent a sudden change of base level, possibly
by river capture. We tested the hypothesis of plateau area gain by re-
moving the proposed captured drainage areas from each basin, which
as black triangle and the dashed red lines show the linear regressions used to determine
d).
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resulted in the trunk channel collapsing above the more linear trend
displayed by tributary χ-plots. Our test confirmed that the upper parts
of the ‘DB2’, ‘DB4’, ‘DB6’, ‘DB7’ drainage basins represent old drainage
networks or endorheic areas confined above the Murge Plateau that
were recently captured fromyounger escarpment streams by headward
erosion. Furthermore, the test revealed colinearity between the trunk
and tributaries after the removal of drainage area, suggesting that the
m/n value of 0.45 could reflect the steady-state channel concavity for
these fluviokarst drainage basins (Giachetta and Willett, 2018b;
Francis et al., 2018).

More interestingly, the ‘S3’ (Gravina di Matera) stream deposited a
20–25 m thick alluvial fan (the ‘Parco dei Monaci' alluvial fan; Boenzi,
1954; Boenzi et al., 1976) above the limestone bedrock, where the
stream exits the deep fluviokarst canyon and flows across the alluvial
plain in the Bradanic Through. The alluvial fan deposit is made of lime-
stone conglomerates and gravels and includes rare limestone boulders
with diameter up to 1 m. The ‘Parco dei Monaci' alluvial fan possibly
records the increased river flow energy and discharge of the ‘Gravina
di Matera’ stream following a large drainage area capture from the
Murge Plateau during the Quaternary.

The analysis of the Hack's law suggests that the drainage systems of
the ‘Gravine’ well represent the power scaling between channel length
and drainage area observed in fluvial networks (e.g., Hack, 1957; Gray,
1961; Leopold et al., 1964; Mueller, 1972), The obtained values of the
Hack's coefficient and exponent confirmed that fluvial development
caused by tectonic uplift is the dominant process. The χ-elevation
data of reaches underlain by Mesozoic limestones displayed linear
channel segments and similar normalized channel steepness values,
indicating that the scaling relationships between drainage area,
discharge, and channel slope of a standard stream power model hold
for the ‘Gravine’ fluviokarst canyons. The linear fit of limestone channel
segments produced the higher channel steepness values suggesting the
relatively low influence of chemicalweathering on the erodibility of this
bedrock type. In addition, we found field evidence that plucking domi-
nates erosion on the jointed limestone bedrock of the Gravine channels
(Whipple et al., 2000). Furthermore, the transition from the plateau
drainage to thefluviokarst canyons occurs through shallowmeandering
valleys incised into the Mesozoic limestones, suggesting that incision
mainly occurred by surface water flow. These observations, together
with the absence of well-developed cave systems in the limestone
Fig. 8. Drainage area test on catchment affe
flanks of the fluviokarst canyons could indicate that the overall
evolution of the Gravine streams was dominated by fluvial processes,
although we cannot exclude local enhancement of erosion by ground-
water sapping during sea-level highstands (e.g., Mastronuzzi and
Sansò, 2002). Chemical weathering of carbonate rocks by dissolution
was probably more efficient only on the steep valley sides of the
Gravine streams and in the highest areas of the Murge Plateau, where
abundant dolines were observed in the limestone terrains.

The observed dominance of fluvial landforms in the southwestern
Murge Plateau, such as meandering river canyons and valleys, could
result from the development of antecedent river valleys over
siliciclastic units that overly the Mesozoic limestones (e.g., Boenzi
et al., 1976). Allogenic valleys develop on non-karst terrains by con-
centrated surface flow and carve deep canyons by maintaining their
course and water discharge through karst areas (Ford and Williams,
1989;Williams, 2001). Similarly, allogenic river networks developed
in the western Murge Plateau by concentrated flow, favored by the
impermeable Plio-Pleistocene clay units of the Bradanic Trough and
clay-rich ‘Terra rossa’ soils that cover the limestone bedrock. The
onset of regional uplift since the Middle Pleistocene produced the
progressive incision of the allogenic valleys into the underlying lime-
stones. Thus, the ‘Gravine’ canyons are mainly fluvial landforms
resulting from vertical incision of antecedent rivers that could main-
tain their water discharge and keep pace with the regional uplift rate.
The stream captures that we identified along the southwestern es-
carpment of the Murge Plateau were triggered by progressive lower-
ing and headward erosion of the ‘Gravine’ canyons.

6. Conclusions

The purpose of this study was to investigate the Quaternary
landscape evolution of the western Murge Plateau and to characterize
the transient state of the ‘Gravine’ fluviokarst drainage basins. To
accomplish these objectives, we performed a morphometric analysis
at regional to catchment scale. We extracted morphometric parameters
from a 90 m resolution DEM and investigated the equilibrium state of
the ‘Gravine’ trunk channels. Our analysis reveals that the ‘Gravine’
fluviokarst drainage networks are characterized by well-developed
surface drainages, following the typical scaling relationship observed
for non-karst bedrock streams.
cted by capture (DB2, DB4, DB6, DB7).



Fig. 9. Map of ksn for the Murge area.
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Our results and observations led to the following conclusions:

- the morphometric analysis documents a transient fluvial landscape
along the southwestern margin of the Murge Plateau in response
to a recent change of regional base-level;

- the convex-shape of the hypsometric curves and high values of the
hypsometric integrals calculated for the analyzed basins confirmed
that active regional uplift since the Middle Pleistocene produced
landscape disequilibrium;

- the regional analysis revealed an interesting distribution of local
relief and normalized channel steepness index: the highest values
were mostly observed in the northwestern basins along the Murge
Plateau escarpment, whereas both local relief and ksn anomalies
decreased toward the southeast;

- the χ-plot analysis also revealed steeper channel reaches in the
downstream part of the western Gravine basins, suggesting that an
uplift gradient with decreasing uplift rates toward the southeast
affected the Murge Plateau;

- our analysis highlights the occurrence of major knickpoints
displaying lower χ values compared with adjacent catchments. The
drainage area test confirmed that perturbations from the equilibrium
trend were produced by captures of drainage area from the Murge
Plateau, corresponding to the upper parts of these catchments.
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