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This papcr providcs quamit,uivc geolllorphic analysis in (be catch·
ment basins of lhe rivcrs Secchia :md Panaro, in (be Modena and Reggio
Emilia Apennines (nonhern It'lly).

The researcb is based on established rnethods applied in several
Apelllline basins of centrai [taly. The aim of the research is lO carry out a
preliminar}' morphollletric characterisalion of lhe Emilia basills thal, if
sUPP0rled by sample Illonitoring, should allow the correct managellll:nt
of (bese lluvial basins.

A Digi(,i1 Eleva(ion Model (DEM), based on comour line imerpola
tiOll of the Regional Tecbnical J\olaps at a 1:25,000 scale is used to calcu
late ,md extracl I:mdscape Illetrics. The DEM provide an objective means
througb which the dr:lin,lge network was defined. The DEM is Iinked lo
Il cartographic dat,lbasc, lh:l\ sp,uially coordinates the calculation of mel
l'ics inc1uding: Frequency of channcls (r), Lcngth of channcls (U, Area
of catchment basins (I\), Ratio between arca :md Icnglh, Drainage density
(D). From lhese basi c mctrics lhe following ratios and indcxes have bcen
derived: Mean bifurcation ratio (Rb), Direct mean bifun:alion r,uio
(Rbd), llifurcation index (R), Hientrchìc anomllly (Gli), Hierarchic anOIll~

al)' densi t}' (gal, Hierarchic allomaly index (Òll), Extension mtio (Rc), and
Circularit)' ratio (Rc). SlIbseqllently, hypsometric allalysis WllS carried out
alld fil1<llly, on the basis of eSlablished empiriclll re1ationships, the anllual
unitary stream load (TLI) has been assessed.

The various p:ll'<lI11etcrs cxtracted have been compllred wilh the lith
ologital, structural :md slope charactcristics of the arell, in the attempt
to define thc diffcrent role that the laner bave played in relation to the
morphodynlllllic evolution of the hydrographic nctwork wilhin the sllldy
arca. 'l'he DEM has provided us with information on tllc type of geomor
phologiCllI evolutioll of the basins in relalion lO both the structural and
lithological characteristics of thc arCll Hncl the distribution of the prevai1~

ing 1ll0c!el1ing processes. l'he llssessmcnt of strcHm 101lcl is consistent with
the scalll}' data expcrimentally mellsured along the lllllin watcrcOllrscs in
the pre·war periodo

(*) Dipal'timento di Scienze della Terra, Università degli Sludi di
Modell(/ e Reggio Emilia, Largo S. Eulemia 19, /-41100 ModelUl (lI(/i)').

\\i'e wirb lo Ib(/I/k Ibe aIlOIl)'",oIlS I"elerees 101" 'be v(//uab/e commellts
alJ(/ sliggesliollS. Tbe reseal'cb IlJtlS SIIpported by M'VR «COnN 20011>,
Locai Cool'dinatol' pro! S. Pi(/cel/te (/I/d MIUR «COF/N 2002», Loca/ Coor
dinalol' pm! l'l'l. Soidali.

KEY \X'OHDS: Qumllitative Gcomorphology, rluvi:ll Dynamics, GIS,
ìvlodena ancl Reggio Emilia Apcllnines, Italy.

RIASSUNTO: BARBIERI M. & MARCI IETTI M., IIl/alisi mmfomell'ica
della rete di dl'ellliggio nell'Appennino modenese e l'eggù/l1O (lia/ia setlell
Il'i01w/e). (IT ISSN 1724-4757,2003).

[I presente lavoro lnUla dell'analisi geomorfica quantit,uiva nell'arca
dcll'Appennino modencse c reggi:mo C:lr:lttcrizzata dalla presenza dci ba
cini dci Fiumi Sccchia c Panaro.

La riccrca si fonda su metodologie ampiamentc validatc in bacini ap~

penninici sopraUlIllO nelle aree dell'halia centl"llc. Lo scopo della ricerca
è pcrtanto quello di fornirc una prima carattcrizzazione morfollletrica dci
bacini emiliani, che, se suppOrtalC da monito raggi a campione nei diffe
renti bacini Ouviali, consentono una corrcltll gestione degli slcssi.

Ali ra\'Crso algoritmi di calcolo che si basano su modelli ampiamentc
descritti in !cw;ratur:l sono stati c1abOl'llti i dllti nUlllerici di elcvazione
(DEM), derivali dall'interpolazione delle curve di livello della C.artogmfia
Tecnica Regionale alla scala 1;25,000, al finc di estranc in modo automa
tico la rete di drcnaggio ed i relativi bacini di competcnza, dell'lire.. ap
penninica afferente alle province di Modena c Reggio Emilia.

Lc singole aste Ouviali cd i relativi bacini SOIlO stati indicizzati in mo
do univuco. Lo sviluppo di lInll bancll dllti cartugrafica rclaziomlle ha
pcrmesso di estmrre, altravel'so operazioni di an:tlisi sp:lziale i pllrametri
idrologici pill comunemente impiegati in lettcratura: Frequenza dci Cllnll
li (F), Lunghezza dellc aste lluviali (L), Arell dei bacini (A), Rapporto tra
arce c lunghezze, Densit:i di drenaggio (D). Da questi sono stati rìcllvllti i
più comuni l'apponi c indici dcrivati: Rappurto di biforcllzione medio
(Rb), Rapporto di biforcazione direuo medio (Rbd), Indice di 13iforcHzio
ne (R), Anollllllia gerarchicll (Ga), Densità di anomalia gemrchica {gal,
fndice di anomalia ger:ll"chica (Òa), Rapporto di llilungmllcnto (l{e), Rap
porto di circolarit;l (Rc). Successivamente è stlltll svolta l'Anlllisi lpsome
trica cd infine è stato stimato, sulla base di equazioni cmpiriche Ilote in
letteralura, iltmsporlo torbido unitario llnnuo ('l'li).

I diversi paramelri estratti sono stati confronlllti con le caratteristiche
li'tologicbe, strutturali e di acdiviti't dell'llrell, nel tentativo di definire il
differente ruolo che queste hanllo avuto nei confronti dell'evoluzione
morfodinnmicll della rete idrografica del territorio considemto. 11 DEM
ha fornilO indicazioni sul tipo di evoluzione geomorfologica dci bacini in
relazione sia con le caratterisliche slruttmali e litologìche dell'area che
con ili distribuzione dei processi di modellamento prevalenti. La stinlll
del trasporto torbido risulta in linea con gli scarsi dllti misumti sperimen
(;llmente lungo le aste principali nel periodo pre-bellìco.

TERMINI CHlt\VE: Geolllorfologili quanlilativa, Dinlllllicli Fluviale,
Sistemi Informlltivi TelTitorillli, Province di Modenll e Reggio Emilia.
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INTRODUCTION

This paper aims to charactcrise the drainage network of
the Modena and Reggio Emilia Apennines (northern Italy)
by mcans of quantitative gcomorphic analysis. This rc
scai-ch procedure ",ilI allo\\l the reJatiol1ships bctwcen
drainage pattcrn, climatic condirions allei geo-structural
charactcristics to be assessed. This study, which \Vas carriecl
out by applying widely adopted research methods (Avena
& Lupia Palmicri, 1969; Ciccacci & a/ii, 1981, 1988; Lupia
Palmieri & a/ii, 1995, 1998, 2001), is finalised to bctter
characterise the sludy area by using established empirica!
relationship for assessing the amount of erosional process
es. These equations \Vcre proposed anel rcpearcdJy tesred in
the centrai anel ccntre-southern Apennines by the Geomor
phology researchers of thc Roman school (Ciccacci & "'ii,
1981,1983,1987,1988,1992; Lupia Palmieri & ti/ii, 1995,
1998,2001). The usc of rhis mcthod will permit the asscss
ment of thc mean annual unir stream laacl. l'his quantity
should a]so be ealculated empirically by means of mcaslIre
ment gallges instaUed a]ong the watereOllrses. \V/e intenel
this study to be the first step in enterprising, in agreement
with loeai 311thorities. a thorollgh monitoring of rivers' sol
id transport whieh might have signifieant improvement in
the future management of the terrilOry.

For this purpose, it should be remembered that the
whole hydrographic network of tbe Modena and Rcggio
Emilia Provinces is sllbjeet to considerablc crosiona1 pro
cesscs. Particlilarly scrious is thc situation in the hil] arens
where thc decpening of the network has callsed seriolls
stability problems to thc river banks and transversal hy
draulic works (Pellegrini, 1969a; Bonazzi, 1998; Marchetti,

2002). For example, bctween 1960-1980, many bridges
were damagcd or destroyed (Rovcri, 1960; Pellegrini,
1969a). These include the collapse of the Busana, Gatta,
Rubiera and Vignola bridgcs and damage to the Sassuolo,
Spilamberto, Falanello, Marano, San Donnino and San
Damaso bridges on thc Secchia anel Panaro riverso The
rapid incision of thc beclrock channels of these rivcrs \Vas
callscd by wielespreael exeavation of grave1 anel sand for
the aggrcgate industry (Rossetti, 1970; Pellegrini & ti/ii,
1979; Natalc & Savi, 1990). Given that this industry has
largely ecased quarrying operations in river channel bot
toms, we have a narro\\' window of opporrunity lO study
anel elocumcnt thc anticipateci changes in river ehannel
morphology_

This rescarch has made usc of rceenr in-elepth geologi
cal, geomorphological allei geo-structural investigations re
sulting from collaboration betwcen the Departmcnt of
Earth Seicnces of Modena and Reggio Emilia Univcrsity
and the Administrations of Modena ~lIld Reggio Emilia
Provinces (Castaldini & a/ii, 2000; Panizza & a/ii, 2001)_
Qur ultimale goal is to apply the data we derive here, in
coopcration with loeal and regional allthorities, lO help
guide thc future management of the watcrsheds.

GENERAL SETTING OF TRE STUDY AREA

Thc stlldy area is loeated in thc northern Apennilles,
mainly in the Provinccs of Modena and Heggio Emilia (fig.
I). The southern boundary of the srudy arca is marked by
thc Tusean-Emilia watcrshed, whereas the nonhern boun
dary Iies along the foot of the hiIJs on the upper l'o Plain.
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Some smaller tributaries of the R. Panaro, the torrents Rio
delle Pozze and Rio Motte, are included in the Province or
Pistoia whereas the Torrent Dardagna is located in the
Province of Bologna.

The northern limit was imposed because it was impos
sible to recognise a complete1y natural hydrographic net
work in the plain arcas. In fact, in the plain areas there is a
high artificial component in the hydrographic networks
due to man's activitics dating from the early human sctde
ments in the Po J>lain. Thc intense works of territorial
planning carriccl out in thc Roman Period and, cspecially,
in the Imperial Period (Cremaschi & alii, 1980, Pasqui
nucci & Settis, 1983) have left many evidence or the centu
riai pattern (Manicardi, 1991). Other, not less persistent
traces are to be ascribcd l'o lanci rec1amation activities car
ried out by Benedictine monks in the Middle Ages and,
much later, to the more intense ancl larger hyclraulic works
of the Napoleonic Period and the period foUowing Italian
Unirication up to the post-war pcriod (Castaldini, 1987).
The northern boundary of the area investigated is ideaUy
represented by the aligllment of largc inhabited ccntres
which have expanded considerably since the end or World
War 2: Vignola, Maranello, Sassuolo, Scandiano and San
Polo d'Enza.

The study area stretches aver a surface of some 3000
km'; the highest peak is Mt. Cimone (2165 m a.s.1.) which
is also the highest Illountain oE the entire Northern Apen
nincs. Thc catchment basins involved are the Enza, Cro·
stolo, Secchia basins with its mai n tributary Fossa (di

Spezzano) and Panaro with its lllall1 tributaries Tiepido
and Guerro (fig. 2).

From the structurai and stratigraphic standpoint, the
Apcnnine territory between the provinces of Modena ane!
Reggio Emilia, is made up of 4 main units (Bettelli & alii,
1989):
• Tuscan Units, macle up of Tertiary silicidastic lUrbidites

cropping aut along the axis of the chain commonJy
kno",n as Upper Apennines.

• Ligurian Units made up or shallo", sea sediments with
JlIrassic ophiolite fragments overlain by a thin sequence
(Cretaceous to Eocene) of terrigenous or calcareolls turo
bidites cropping out in the mid·Apennine area.

• Epi-Ligllrian sequence made up of mainly terrigenous
units deposited during the evolutional phase or the Li
gurian Units.

• Plio-Plcistocene terrigenolls marine Units cropping out
in the northernmost portion of the Apennines facing the
Po Plain.

From the lithological viewpoint (cf. Lithological Map
enclosed) the study area can be schematicaUy subdivided
into duce belts paraUel to the direction of formation of this
mOllnrain chai.n. The sOllthernmost part is llnderlaill by in·
durated sandstone-rich units. The centrai belt or the Apen
nines is lInderlain by interbedded, poorly indurated day
stolle anel sandstone. The northernmost sector is underlain
by llnlithified day, sand siJt, \Vith lesser amOllnts of gravel.

The above mentioned llnits are covcrcd by dcposits of
varying extent of glacial origin in thc Uppcr Apennines,

FIG. 2 - Simplifìcd skclch or lhc
hydrographic nctwork or Ihc
study arca. Unbrokcll lines show
Ihe nClworks or the basins Slu
died, whcrcas dOllcd lines rcfcr
lo nClworks not considercd in

this rcscarch.
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TABLE l - l\<\ain Ihermo-plll\·iomclric gauges of Modcna Provincc, with
indication of altitude (m a.s.l.) .md mc.. n allnual prccipilation (;vl.A.P.)
in mm in the 1921-1950 pcriod (Ministero dei Lavori Pubblici, 1959)

ary} when preclpltation is very scarce anel, in the upper
part of the Apennines, mainly snowy. Besides scarce pre
cipitation, SUl1lmer low-water periods are accentuateci also
by considerable evapotranspiration which, is far less im
porranr dllring the winrer.

A few meteorological stalions, instaUed in thc basins of
thc rivers Sccchia anel Panaro, allow their pluviometric re·
gimes to be cleterminccl. Mean annual precipitation, caleu
lated aver the 1921-1950 period, ranges from 2078 mm in
the highest arcas along the Apennine crest to 599 111m in
the plain (Ministero dei Lavori Pubbliei, 1959), with near
Iy continuolls variation (tab. 1).

Aecording to Monti & Rubbianesi (1983), the flow co
efficient, calculated far the R. Secchia at Ponte Bacchello
(21.47 m a.s.l.) outside of the investigated area and far the
R. Panaro in Bomporto (19.43 m a.s.i.) outside of the in
vestigated area, is 0.47 and 0.48, respectively. Therefore,
nearly half of the total precipitation eontributes to tbeir
stream Aow !"ates. From Aow rate measurements clesumec\
from the annual Reports of the R. Po Hydrographic Office
- recordecl at the same meteorological stations - maXinnllTI
fIow rates for a 10-year recurrence interval of 720 and 710
m}/s, l'espectively, have been calculared. whereas for a 100~

year return time the vallles are \060 and \040 m}/s, rc
spectively (Ministero Lavori Pubblici, 1988,1992).

As regards stream load, the R. l'o Hydrographic Office
has carriecl aut turbidity Illeasurements in the R Secchia at
Ponte 13acchello, recording, far the 1924-1925 and 1927-

P/l/iiI arco belliJeell Secchia tllltl Pana/'O

Gauge Elev:ltion (m)

fluvial ongin in the main valley iloors anel slopes anel, in
some rare eases, lacustrine origino This seetor of the Apen
nines is eharacteriseel by a high i.l1eielence of Iandslieles
(Bertolini & Pellegrini, 2001) consistent with steep slopes
anel the prevail.i.l1g unelerlying struclUl'a\ fabric. A reeent
inventory earrieel out by the Emilia-Romagna Region (Re
gione Emilia-Romagna, 1996, 1999) has identified some
32,000 landslides ali over the Region's territory; among
these, some 9,500 are loeated in the Apennine sector of
the Modena anel Reggio Emilia provinces.

Thc hyelrographic networks found in the study arca are
in most eases exorheie, with l'un-off towards the River Po
anel, eventuaUy, to the sea. Exceptions are founel only in
some smaU areas. The most important exception is founcl
along a stretch of the R Secchia some IO km long, where
the Triassie evaporites crop out. lo this portion of tcrritory
some minor warereourses are confinecl within an endorhe
ic basin, from which they clisappear undergroullel, owing
to the karst nature of these rocks, anel eventually reappear
from the natural springs whieh feecl thc main watereourse.

Another beh, silllilar to the previous one, although of
much slllaUer extent, is founcl along the Apennine margin
between Barzano di Albinea (viUage located SW of Scan
diano) allei the Ton'em Crostolo where, due to the pres
enee of a Messillian gypsum formation, drainage patterns
similar to those previously described are observed.

On the caJcarenite plateau of Pavullo (Modena Prov
ince), fIowing wf.lters disappear unelerground owing to
pseuelo-karst infiitration anel rcappear as springs at the
bounelary between calcarenites anel the underlying c1ayey
formarions.

Feeding of the Emilia Apennine watercourses takcs
piace mainly through precipit3tion, with a regime charac·
teriscel by two ilow rate peaks: in the springtime anel in the
autumn (fig. 3). In these periods, the monthly Oows of
these watcrcourses can be up to 20% of the total annuai
flows. UsuaUy there are two low-water periocls: the most
pronouncecl one is founcl in July-August, when monthly
flo\Vs can be as low as 0.1 % of totai annual flows; the sec
onel one is found in the winter monrhs (especiaUy in Janu- S. Felice s/P 19

M.AP. (mm)

599

FIG. 3 . Mcan monlhly dischargc of thc Sccchia Rivcr bascd on dala
collcclcd :lI Ponlc Bacchcllo from 1923 lO 1970 (Minislcro dci Lavori

Pubblici, 1992).
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G1S AS A SUPPORT TO QUANTITATIVE
GEOMORPHIC ANALYSrS

FIG. 4 - (a) D8 model (Q'Callaghan & Mark, 1984) where Oo\\' dircclions
are discretised according lO 8 possible direclions. (b) Mode! Doo (Tarbo

lun, 1997), in which flow dircction is calculaled between Oand 360°_

1935 periods, a unit turbidity flow of510 t·km-'f'. The R.
Panaro sho\Vs turbidity Chflr3cteristics quite simiJar to or
slight1y higher than the values measured in the R. Secchia.
Indeed, the unir turbidjty rate, measurcd in Bomporto in
the 1923-1965 period (Pellegrini, 1969b), is 756 t·km-'f'.

In the attempt to overcome the constraints imposed by
mode1 08, resulting from the discretisation of stream How
directions, several changes to this method were proposed
(Quinn & alii, 1991; Freeman, 1991; Lea, 1992; Costa
Cabrai & Burges, 1992). A recent method developed by
Tarboton (1997), is considered the most realistic for the
description of a natura! network (AJberico & nlii, 2001).
This procedure, kllown as 000 is based on the assignment
of a stream fIow directiol1, betwecn O and 360°, aEter hav
ing analysed thc maximUlll dips in each of the eight faces
centred on the cellunder investigation (fig. 4b).

Method for the exlraclion DJ the drainnge network

The problem of accuracy alld resoJution of DigitaI Ele
vation Models in the development of hydrological 1l10deJs
\Vas emphasised in the past by severaJ Authors (Zhang &
Montgomery, 1994; Wolock & Price, 1994; Kenward &
<dii, 2000). Nevertheless, because of very high costs, it is
nearly always impossible to make use of sufficiently aeclI
rate DEM, resulting from specific aeriaJ photographic sur
vcys or GPS campaigns.

fn this study the Digitai Elevation Mode! was caleulat
cd by mcans of digitising the 25 metres contour lines of
the Regional Technical Map at a 1:25,000 scale of the
Emilia-Romagna Region and subsequent linear interpola
tion using the Borgefors method (Borgefors, 1996) imple
mented in the ILW1S software paekage. By takillg into ae
count the size of the area considered and the technica!
time necessary for the e1aboration of the data contained in
the DEM, a pixel dimension of 25 m was fixed for all the
raster elaborations which were then referenced according
to the UTM co-ordinates system, presently in lise for alI
computcr-based regionaI mappi..llg.

The tracing of hydrographic networks and their rela
tive basins \Vas obtaincd through the eIaboration of nu
merical e1evation data by using a calcuIation algorithm
which is an extension of thc commerciaI ArcView package.

The procedure here applied, which by now has been
llsed by numerous Authors Genson & Dominiguc, 1988;
Oonker, 1992), is pre1iminarily based on the creation of a
depressionJess e1cvation data DEM. Thc removaJ of these
elevation anorna!ies, identified as unit ceUs surroundecl by
cells with a higher vaille, was carried out by means of an
automated procedure based 011 the reassignment of the
anomalous pixeI value, on the basis of thc lowcrmost vaJue
recorded in the adjacent cells.

In correspandence with thc widest valley floors, where
the contour Iines usecl for obtaining the OEM are more
distanced betwcen onc another and where, as a conse
quence, greater approximations have been necessary in the
DEM claboration phase, thc mathcmatical extraction of
the hydrographic network is less related to reality. In order
te overcome this considerabJe shortcoming in studies COI1

cerning a whole hydrographic complex, DEM values have
been modified in correspondence with tbc riverbeds (prc
viously digitised Erom the CTR). This change was obtained
by assigning Jowcr e1evations in thc pixc1s occupied by the
network itself alld in the adjacent ones according to an
empirically identifjed algorithm.
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Traditionally, thc study of l'dicf forms on a quantitative
basis is considered to have started with quantitative geo
morphology investigations 011 fluvial nct\Vorks in thc sec
ond half of the 20'" century and, in particular, by Horton
(1945). From the conceptual viewpoint, this diseipline
atlained fmther developments by Strahler (1950, 1952a,
1952b, 1954,1956,1958,1963,1975) who deah with the
linear properties of hydrographic networks and areai
properties of catchment basins, introciucing statisticaI
methods.

Thc recent devcJopmcnt of investigatioll systeins ap
plicd to mapping anci spatial analysis, cammonIy knowll as
Geographic Llformation Systcms or, more simply, GIS,
has given new momentUIl1 to the research carriecl aut in
the field of quantitative geoll1orphoJogy. By ll1eans of nu
mericaJ models, and more and more refined calcuIation aI
gorithms, it is possibIe to apply the above mentioned tech
noIogies for describing the various components of the
landscape. For ex ampie, in Italy the papers by Onorati &
alii (1992) and Guzzetti & Reiehenbach (1994) should be
quoted.

As for the study of fluviaI networks, automatic tracing
systell1s of networks have been deve!oped, besides the pos
sibiJity of extracting the most common hydroJogica! pa
rameters. O'Callaghan & Mark (1984) developed one of
the first mathematicaI modeJs for automatic tracing of
hydrographic networks, known in literature as D8. This
system defines for each cell the stream f]ow di rection on
the basis of the maximum difference in altitude by con
sidering the 8 adjaeent cells (fig. 4a). The model by
O'Callaghan & Mark (1984) has been suceessfully applied
by numerous authors Genson & DOll1ingue, 1988; Tarbo
ton & alii, 1988).
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Once a DEM suitable for mathematical extraction of
the hydrographic network was elaboratcd, a preliminary
map of stream Aow direction was created according to the
already quoted 000 method and, subseqllcntly, a map of
flow accull1ulation was calculatecl. Thc latteI' is dcfinecl as
the flow amollnt accumulatccl in each pixel resulting from
the Sllm of the accumulations caleulated along maximum
inclination directions.

The hydrographic network was eventually traced by
constructing a vcctorial net or the map of Aow accllmllla
tions, fixing a minimUlll threshold value from which thc
traeing of the hydrographie netlVork started. The ehoiee of
the threshold value was deriveel from the compared analy
sis of the net\\'orks extracted by means of the mathelllati
eal algorithm, by using different threshold values and com·
paring the results with those shown on the official maps
in particular samplc areas. The celi Oow accullluiation
threshold values which minilllized the difference in f1uvial
ncrwork shapc is 50.

Thc hydrographic network thus obtaincd (see «Drain
age network and basins map» in thc attachecl map) was
then ordered aecording to Strahler (1952b). By making lise
of the maps describing the stTealll fio\\' characreristics
ealelilated from the DEM, the polygons representing the
hydrographic basins from the 2.... arder upwards wcre ex
tracted. Each basin was assigncd an entire identificarion
nllmbel' and, on thc basis of the basins of higher order in
cluding the basin considcred, a relational database was
createci. Through spatial analysis operarions, this system
allowed the most comn1Only used hydrological parmneters
to be extractcd ali over the territory consielered. They are:
Frequeney of the ehannels (F), Length of Illivial eOllrses
(L), Arca of basins (A), Ratio between areas and lengths,
drainagc density (D). From these parameters the most
common ratias and indexes were derived: Mean Bifurca
tion Ratio (Rh), Mean Direet Bifurcation Ratio (Rb,/), Bifllr·
eation [ndex (I{), Biorarchie Anomaly (G,,), Dcnsity of
I-Iierarchic Anomaly (g,), Index of Hierarchic Anomaly
(LI.), Extension Ratio (R,), Circlliarity Ratio (R). Finally,
HYPsollletric Analysis was carried out for each basin high
er than the 5'h order and for the two main basins of the
rivcrs Secchia and Panaro.

ANALysrs or SURFACE HYDROGRAPHY

Hierarchisafioll o[ tbe J1etwork

The hydrographic network was hierarchised by lIsing
the techniques pteviollsly desctibed. The values consid·
eredI relative onJy to the 5'h and 6'h order basins, arc sum
marised in tab. 2.

Analysis or data shows that 5'h and 6'h order basins have
a fair degl'ce of network organisation, demonstrated by thc
tendentially low values of parameters ga and il" if they are
compared with other studies carrieci out on [talian areas
(Lupia Palmieri & alii, 2001). l'rom a more detailed analy·
sis of the parametcrs calculated. relatively higher vailles
can be observed in the basins of T. Tresinaro (ID.62 of
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tab. 2), Rio Torto (lO 46) and T. Scoltenna (lO 65). Aiso
the Bzjurcatioll Index (R), which best Sllllllllariscs the geo
metTical characteristics of the networks, also defined as the
Meall I3ljllrctlfioll Ralio (Rb) millLls the Direcl Meall Bi/l/I··
calioll Ralio (Rbd), sho",s vailles of 0.3 to lA in ali the ba
slns considercd, which are typical or basins with a discrete
hierarchic organisation.

MorpbomellY ojlbe b)'drograpbic basills

In arder to express quantitatively tbc shapes of thc
drainagc basins studiecl, the mai.n paramercrs have been
consiclered, they are: ExteJ1sioll mtio (Re) (Schul11J11,
1956), Circlliaril)' rafia (Rc) (Strahler, 1958), area oj basill
(A) (tab. 2).

Particularly low vall1es of these ratios were recorded in
the follo",ing basins: Torrellt Modolena (ID 51), T. Glierro
(ID 57), T. Fossa (ID 58), T. Tiepido (ID 41), T. Secchiello
(ID 45), T. l'resinaro (ID 62), T. Scoltellna (lO 65).

The close rclationship exerted by the geologieal·
structural conditjons on the deve10pment of the hydro
gnlphic network, bas been stressed by several alltbors (Pa
pani, 1971; Barbieri & Rossi, 2001). l'he vergence or the
geologica! structures consequent to NOrlhern Apennine
orogcnesis has resulted in the preferential SW-NE orienta
tion of thc carchment basins. This direction is perpendicu~

lar lO the direction of the main structures (see Map or the
lincar disjunctivc structures in the annexed shecr). Along
the SE-NW lineation a secondary extensioll or the basins,
characterising the minor watercourses is obsel'v<lble.

In order to furrhcr understand the singlc factors which
have controlled the devclopmellt and shape of the single
basins, with the identification of the structures responsi.
ble. more detailed investigations shollid be carrieci oulo

SIII!ace draillage

One of the most signiFicanr parametcrs for assessing
the erosional intensity of the drainage basins is draù/(zge
dellsil)' (D) ([-[orton, 1945). This parameter takes into ac·
count the characteristics oE a given b~lsin anel irs hydro
graphic network, thus correlating a linear property with an
areaI ane. Drainage density, as was widely recognised in
literatllre (Schllmm, 1977; Thorna, 1982; Llipia Palmieri
& alii, 2001), lIsllally rellects a direct proportiollality ",ith
both precipitation intensity and slopc acclivity. This pa
rameter is strongly infilienced also by the Lithological char
acteristics of the area, respecting direct propol'tionality
with erodibility and inverse proporrionality with the
petmeability of the soils. Aiso the type and density of the
vegetation cover have strong effects on drainage density,
with the lowermost values reeorded where vegetation is
most devcloped.

In the study area dl'ainage dcnsity ranges from 3.2
km/kmz

lO 4.4 km/km 2
, that is within the boundaries of

mean valucs with respect to rhose caleulated ali over IraJy
(Avena & Lupia Palmieri, 1969; Lupia Palmieri & alii,
1995,1998,2001). The lowest vailles are found in the ba·
sins or the following s!teams: Modolena (ID 51), Glierro



T/\8LE 2 . Main morphomctric :md org:misation par.uneters of lhe hydrogr;lphic nct\\'orks exwlctcd: O) Hiemrchic ordcr; Rh) r..·lean bifurcation ratio;
Rbd) Mcan direci bifurcation l1uio; R) Bifurcation indcx; GOl) Hierarchic anomaly; glI) DensilY of Hierarchic anomaly;.6,) I-lierarchic anomaly indcx,
Re) EXlcnsion mlio; Re) Circularity ratia; A) Arca (km1

), D) Drainage density (km!knl), Tu[ I]) Unilary siream loacl calcuhuecl by means of equation l
(t·km-l·y-I); Tu[2]) Unilary strcam 10ad calcuhucd by means of cquation 2 h·km-l·y-I); (T[ l]) TOlal slream load calculatcd by means of cqu:uion I h'y I)

ID NAME O Rb Rbd R Ga ga ". Re Re A D Tul1] Tul2] 1'[1]

I Dolo 6 5,4 4,4 l,O 2940 10,8 0,7 0,7 0,5 27>,1 4,4 817 953 223012
40 Vali urbana 5 3,2 2,6 0,6 104 9,4 1,2 0,9 0,5 Il,1 3,7 571 595 6333
41 Tiepido 5 4,7 3,3 1,4 454 10,7 1,3 0,6 0,5 42,5 3,8 639 648 27159
42 Tnlada 5 3,0 2,7 0,3 37 2,2 0,5 0,9 0,6 8,7 4,1 603 745 5244
43 Spirai .. 5 3,7 3,0 0,7 151 7,6 l,O l,l 0,4 19,7 3,8 57> 628 11293
44 Rio di Toano 5 3,1 2,7 0,4 53 5,4 0,6 l,O 0,5 9,9 4,4 788 943 7797
45 Sccchidio 5 4,9 3,6 1,3 808 Il,1 1,5 0,6 0,5 72,9 4,3 1010 963 73641
46 Rio Torto 5 4,2 2,7 1,4 585 18,4 2,1 0,7 0,4 31,7 3,9 922 761 29237
47 Rio Sol9gno 5 3,1 2,3 0,8 125 Il,5 1,5 0,6 0,5 10,9 3,9 742 714 8089
48 Rio Riveli .. 5 4,3 3,2 l,I 399 8,5 1,2 l,O 0,4 39,7 3,9 666 691 26428
49 Rio Camorano 5 3,4 2,6 0,9 169 12,4 1,5 0,7 0,6 13,6 3,9 742 714 10093
50 Rio Benedello 5 4,1 2,9 l,I 310 16,8 2,1 0,7 0,5 18,5 3,6 7>2 608 13540
51 Modolcna 5 3,8 2,8 l,O 261 Il,4 1,6 0,5 0,4 22,9 3,2 449 427 10273
52 Lucola 5 3,9 3,0 0,9 229 9,5 1,3 0,7 0,5 24,1 4,1 805 812 19408
53 LUCCllla 5 4,0 2,9 l,l 374 13,1 1,7 0,7 0,5 28,5 3,9 798 729 22740
54 Liocca 5 3,9 3,1 0,8 179 7,9 l,O 0,9 0,6 22,6 3,9 619 677 13993
55 Lema 5 3,6 2,8 0,8 172 10,7 1,4 0,9 0,5 16,1 3,6 568 564 9144
56 La Dorgola 5 3,3 2,8 0,5 85 7,0 0,8 0,9 0,2 12,1 3,8 533 615 6451
57 Guerro 5 4,3 2,8 1,5 436 13,4 1,8 0,5 0,4 32,4 3,4 563 507 18232
58 FOSSII 5 4,5 3,8 0,7 274 7,8 l,O 0,5 0,4 35,2 3,5 455 502 16012
59 Dorgola 5 3,4 2,7 0,8 181 Il,5 1,5 l,l 0,6 15,7 3,6 589 570 9246
60 Dardagnola 5 3,7 2,9 0,8 276 Il,9 1,5 0,8 0,7 23,1 4,l 1010 963 23335
61 Anell'clta 5 l,2 2,7 0,5 203 16,8 2,2 0,9 0,6 12,1 4,0 1033 829 12499
62 Trcsinllro 6 4,2 3,0 1,2 2999 20,0 2,5 0,7 D,l 150,1 3,7 914 684 137160
63 'l'assobbio 6 4,0 3,0 l,O 1597 15,8 1,9 l,O 0,4 101,3 3,6 681 595 68957
64 Sccchia 6 3,4 2,8 0,9 1220 14,8 1,8 0,9 0,6 82,0 4,0 894 794 73277
65 ScoltcnnH 6 4,7 3,5 1,2 5002 17,6 2,2 0,6 0,5 283,7 4,2 1205 963 341903
66 Rossenna 6 4,4 3,3 l,l 2872 15,4 1,9 0,8 0,4 187,1 3,9 858 745 160502
67 Ozohl 6 3,7 2,9 0,8 1018 15,9 1,8 0,9 0,5 64,0 4,2 1043 922 66726
68 Lco 6 3,9 2,8 l,l 1632 15,1 1,9 0,8 0,6 90,1 4,3 1168 1005 105208
69 Lonza 6 3,6 3,0 0,6 631 10,0 1,3 l,I 0,5 63,1 4,0 746 753 47046
70 Crostolo 6 3,9 2,7 1,2 1436 16,3 2,1 l,O 0,5 88,2 3,5 678 564 59762

Avemge 3,9 3,0 0,9 850 12,1 1,5 0,8 0,5 59,6 3,9 763 724 51992

(ID 57), Fossa (lD 58), Crostolo (ID 70), Tassobbio (ID
63), DOI'gola (ID 59), Lerna (l D 55) and Rio Benedello
(ID 50), that is in those areas localed at Ihe boundary
between tbc Apenllines anel the Po Plain, wbere acc1ivity
decreascs consielerably.

Relatively higher vailles of cirainage densily (0)4) are
found in the higher Apennine areas, wbere slopes are
steeper, such as in the valleys of the following streams:
Dolo (ID I), Rio di Toano (ID 44), SecchieUo (ID 45),
Dardagnola (ID 60), Leo (ID 68), Seoltenna (ID 65), Ozo
la (ID 67), Talada (ID 42), Lucola (ID 52),

As far Ihis parameler, though, il should be nOliced that
since the algorithm used for tracing the bydrographic net
work is the same for the whole slUdy area, just like the pre
vious ee/l l/aLO accllmulatiol1 Ibresba/d value , the drainage
density values extracted are tendentially smoothed in aH
the area consielered. Particular situations. such as the pres
ence or badlands, show a number of 1" order networks
tenelemially lower than those aClually present in nalUre.

HJ'fJ!wmetrie ollo/)'sis

In order to further characterise tbc catchment basins
stuelicel, wc proceceled to calculate the hYPsollletric inte
graI and the construction of the relative CUI'ves for each
basin of the stllely arca (see «HYPsollletric cm'ves» in the
attached Illap), Hypsometric Cllrves (shown in the ano
nexed sheet) represent the areaI elistriblltion of elevations
within tbc basin, Their paltern usually reflects the present
denudation processes acting on the basin (Masek & a/ii,
1994; Willgoose & Hancock, 1998; Hurtrez & Lucareau,
1999),

To assess this parameter, considering the size of the
stuely area and the calculation time, chlsses of elifference in
e1evalion of 100 m have been fixed, The corresponding
curves show some typical trends that can be summariseel
in three different typcs: nearly rectilinear curves, concave
curves and convex curves.

Among the former, it can be noticeel that some of them
are characterised by steep inclination, as in the case of T.
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Nt\ME Tu D d. gll il h,\\, Ca

Trebbia 1523 4.90 1.59 19.35 226 953 437J

ldice 2397 5.61 0.86 30.27 397 430 12017

Senio 857 4.17 1.32 15.12 269 438 406ì

TABLE J . Main morphomclric p.lr3mct'crs or Ihe catchmenl basins or the
northcrn sidc of the Northcrn t\pcnnines calcuhued after Cicacci & n/ii,
1981. Tu[l]) Unita!)' strcam load calculatecl by mcans or equation I
(I·km-.lfl), D) Dminage density (km/kml ), ò.~) Iliemrchic anoll1Hly index,
gal Density or J-1ierarchic Hllomaly, A) Arca (km1

), h,w) mellll c1c\'alion
(rn), Ca) Hierarchic allolllaly

are commonly utiliscd in literaturc for studies relative to
Italian basins.

Since these equ3tions have been obtained from basins
with very differellt characteristics ~lI1lOng them, locarcd in
very distant areas, the above quoted equations have been
recalculatcd on the basis of data from Ciccacci & alii
(1981) for the only basins of the northern slope of the
Northern Apennines (tab. 3), that are the Trebbia, Idice
and Senio basins. The equations thus obtained:

Dolo (ID I). On the other hand, other curves show an
average inclination witnessing a uniform distribution at
different eJcvations of the basins, as in thc cases or T.
Scoltenna (ID 65) and La DDI·gola (ID 56).

Among Ihe basins showillg marked CQllvex curves, typ
ical is the case of H.io Rivella (48). whereas concave CUI"VCS

characterise the T. Lonza (ID 69) and T. Secchiello (ID
45). The (l'end of cm-ves is afreo interprctcd as the rncas
urement of the cvolution degl'ce of a basin, from convex,
more immature basins [Q concave alles, showing a more
pronounccd levc1 of evolution. [n fact, as pinpointed by
various Authors (Lupia Palmieri & alii, 1995,1998,2001),
in the light of present-day knowledge, these definitions are
often mislcading since hypsometric curves are rcpreScllta
rive not only of the cvolutional stage or a basin but also or
its evolutiol1 patterns which, in tum, are constraincd by
numerOliS factors, among which the most important oncs
are lithological-stwctllral factors.

FinalJy, it should be noticed that if we consider thc
generaI hypsometric curves of the two main watercourses,
the rivers Secchia and Panaro (fig. 5), they both bound
areas of about 40%, with similar curve panerns: concave
for the R. Panaro and concave-convex for the R. Secchia.
They also show uniform distribution of the areas in func
tion of elevations.

log TI/f3J =0.32497 D + 0.04625 LI" + 1.51679 (e'I. 3)

FIG. 5 - Hypsomclric ClIrVes or Ihc Rivcr Secchia basin from ils dosing
poilll near Sassuolo (a), anel Ille Rivcr Panaro basin rrom its c10siJlg poinl

ncar 1\<lar3no sul Panaro (b).

I1ssessment o!.rtremnload

On the basis of morphometric data from 14 Italian
basins equipped with stream load measurement gauges,
Ciccacci & alii (l981) proposed some equmions for assess
ing the annual mean unitary stream load Oì,). Among
these, the equations which take into account parameters
D, LI, and g,:

39.4%

".

(e'I. 4)log Tu[4] =38088 log D - 000281 g" + 0.61138

do not have proved statisticaI validity, nevertheless they
produce values fairly similar to thase obtained by means of
the previous equations. In parricular, this is twe for the
equation taking into account parameters D and da' The
reference va)ues obtaincd by means of equations 1 ancl 3
are shown in tab. 2. A1though these equations produce val
ues of Tu showing differences up to 230 t·km-'f', they
ncverthelcss sho\V similar maxima and minima.

The values of paramcter Tu[l] have becn grouped into
fivc c1asses, graphicaUy represented in the Mal' of the Ero·
sion Index (attached map). The highesl values of this pa
rameter have been recorded in the basins of T. Scoltenna
(ID 65) and T. Leo (I D 68) which in their southernmost
parts are characterisecl by particularly high acclivity inter
vals and by a lithological situation corresponding preval
endy to nysch and sandstone rock types. Aiso in other
basins located at higher altitudes such as the Ozola (ID
67), AndrelJa (ID 6 L), Dardagnola (I D 60) and Secchicllo
(ID 45) basins; in fact, in rhese basins Tu exceeds 1.000
t·km-1·i1

• Tbc lowcrmost values of annua! mean unitary
stream load are found in the basins locatecl in the lowcr
most parl of thc Northern Apennines, where Tu values are
less than 500 t·km-'f'. ParadoxicaUy, the least competent
rock types crop out in thesc basins, but crosion is primari
Iy inAuenced by slope acclivity (see «Slope map» in an
nexcd sheetl rathor than by lithology. Among these higher
basins, particularly significant are the T. Modolena (ID 51)
and T. Fossa (l D 58) basins.

(e'I. I)

(e'I. 2)

(b) PANARO
RIVER

(a) SECCHIA
RIVER

~
:<

"'39.8%

o o
o o".

log TI/W = 0.33479 D + 0.15733 LI, + 1.32888

log 1i1[2] = 1.828181og D + 0.01769 g, + 1.53034
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FINAL REMARKS

This paper has definecl the main morphomctric char
acteristics of the catchmcnt basins includcd in the Apen
nine seetor DE the Modena anel Reggio Emilia provinces.
The research carriccl aut so far has lcd llS to acquiring
illlportant numerical data lIseful far a first definition of
the clrainage characteristics anel the 3mQunt of dCllucla
tion processes taking piace in the area consiclerecl. The
re1ationships thus identificd sho\V a fair similitude with
the data obtaincd from adjacent areas anel centraI Italy
basi ns.

Nlean annual stream laacl \Vas assessed by means of the
eqllation proposed by Cicacci & alii (1981) \Vhich provid
ed us with a first indication on the fluvial streal11 load po
tenti al in thc' basins analysed. This approach should stimu·
late the illlplelllentation of experi..mental llleaSllrcment
campaigns in order to calibrate the eqllations proposed in
this paper. The lack of periodic measurements of suspend
cd loael and beclloael is a serious shortcoming for knowing
the Rliviai elynamics of the two mai n watercourses as weU
as for planning anel implementing hydraulic works capable
to mitigate the serious erosional processes occurring along
the rivers Secchia anel Panaro.

Thc al11011nt assessed hy using Cicacci & {llii (1981)
equation shows values that in the higher oreler basins are
compatible with the experimental values measured in the
period betwcen the two worlcl wars. Considering that at
presenl stream load might be lower with respect to previ
ous Illeasurement campaigns, due to consiclerable wa
terbed erosion problems, thc generaI morphometry of the
basi n lllight reflect conditions of fluvial dynamics that are
no longer active.

For this reaSOll, it is reaUy necessary to proceed with
great care in monitoring the morphometric evoilltion of
these basins alld llleasuring strealll loacl.

Nevertheless, from this study it can be concludeel that
the basins investigated show morphometric characteristics
inelicating a rather high degl'ce of evolution. The basins
show considerable elifferences due te the different out·
croppillg rock types, which are more competent in prox
imity of the Tuscan-Emilia watershed anel highIy erodible
in the lllid-Apenllines.

In addition, owing to the widespread presence of clay
ey, easily erodible roek types, the mid-Apennines are char
acterised by the frcqueht occurl'ence of lanclslides in the
form of earth flows alld rotational slides which, in Illany
cases, are particularly vasto

The morphometric evolution of these basills results
therefore from the sum of eontrasting evolutional trends.
I-ligh erodibi.lity favours the development of mature mor
phometries, especial1y in the mid-Iower Apennines, where
as neoteetonie activity proclucing the generai uplift of this
chain generates opposi te eEfects, thus causing a partial re
juvenation of the basins. FinalJy it should be pinpointed
that intense anthropogenetic aetivities produce effects
which are nol always univocal on the morphometric fea
tures of the basins examineel.
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