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Status (in
progress,
finished,
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MASCC

ARIMNet2 call 2015

1

T1.1

D1.1. Current Mediterranean agricultural soil
vulnerability (communication)

poster communication

Public

Partner 1

ALL

Finished

MASCC

ARIMNet2 call 2015

1

T1.1

D1.1. Current Mediterranean agricultural soil
vulnerability (paper)

scientific paper

Public

Partner 1

ALL

Finished

Mean of verification (Reference, web link for download…)

Potential or actual
beneficiaries/users
(farmers, policy makers,
extension services, etc)

Smetanova et al. 2017. Choosing the target of adaptive soil erosion
management in Mediterranean. Long vs. Extreme erosion, internal vs.
academic staff, policy makers
external catchment dynamics. EGU General Assembly, Vienna, Austria, 2328 April 2017.
Smenatova et al. Temporal variability and time compression of sediment
yield in small Mediterranean catchments. Soil Use and Management. doi: academic staff, policy makers
10.1111/sum.12437
Raclot et al. Mediterranean agricultural soil conservation under global
change: the MASCC project. EGU General Assembly, Vienna, Austria, 23- academic staff, policy makers
28 April 2017.

Deliverable
due date
(mm/yyyy)

Rescheduled Actual delivered
due date (if date (mm/yyyy)
applicable)

mar-17

apr-17

mar-17

lug-18

Deviation from initial planning (difficulties & proposed solutions)

submitted in 02/2017; published in 2018

MASCC

ARIMNet2 call 2015

1

T1.2

D1.2. Impact of extreme event on soil erosion
(communication)

poster communication

Public

Partner 2

ALL

Finished

MASCC

ARIMNet2 call 2015

1

T1.2

D1.2. Impact of extreme event on soil erosion
(Submitted paper)

scientific paper

Public

Partner 2

ALL

In progress

Moreno-de las Heras M., et al. Comparative analysis of major erosive
events in a set of small Mediterranean research catchments

academic staff, policy makers

set-17

MASCC

ARIMNet2 call 2015

2

T2.1

D2.2. A review of innovative agricultural
practices by country (Synthesis reports/site)

report

Confidential

ALL

ALL

Finished

Awaiting for the last contribution (France, Portugal, Tunisia) to finalize
the deliverable

academic staff, policy
makers, extension services

set-17

from 08/2017 to
08/2018

Some delays in some country because of difficulties when recruiting M2 student

Moreno-de-las-Heras M. et al.., 2019. Hydro-geomorphological
consequences of the abandonment of agricultural terraces in the
Mediterranean region: Key controlling factors and landscape stability
patterns. Geomorphology 333: 73-91.

academic staff, policy
makers, extension services

mar-18

set-18

The expected synthetic paper for all agro-ecosystem was replaced by several papers
and communications (listed below as additional deliveries to D2.3)

Awaiting for Amandine'report to finalize the deliverable

academic staff, policy
makers, extension services

dic-17

from 08/2017 to
08/2018

Some delay for Spain and Tunisia because of budget allocation delay or budget
restriction.

academic staff, policy
makers, extension services,
farmers

set-18

giu-19

A paper on climatic scenario elaboration was also proposed (listed below as
additionnal deliverable to D2.5) and an additional synthetic paper on the scenario
elaboration is under preparation

academic staff, policy
makers, extension services,
farmers

MASCC

ARIMNet2 call 2015

2

T2.1

D2.3. A review of innovative agricultural
practices in Western Mediterranean countries
(Submitted paper)

scientific paper

Public

Partner 1,4

All

Finished

MASCC

ARIMNet2 call 2015

2

T2.2

D2.4. Narrative scenarios (Database/site +
report)

report

Confidential

Partner 1, 5

ALL

Finished

MASCC

ARIMNet2 call 2015

2

T2.2

D2.5. Narrative scenarios (Submitted paper)

scientific paper

Public

Partner 1, 5

ALL

Finished

MASCC

ARIMNet2 call 2015

2

T2.2

D2.5. Narrative scenarios (communication)

oral communication

Public

Partner 1, 5

ALL

Finished

MASCC

ARIMNet2 call 2015

3

T3.1

MASCC

ARIMNet2 call 2015

3

T3.2

MASCC

ARIMNet2 call 2015

3

T3.2

D3.1. Set of LANDSOIL calibrated parameters
and simulation runs for current conditions
(Database/site)
D3.2. Set of LANDSOIL calibrated parameters
and simulation runs for future conditions
(Database/site)
D3.3. Impact of global changes in terms of onsite and off-site impacts of soil erosion
(communications).

database

Confidential

Partner 1, 3

ALL

database

Confidential

Partner 1, 3

ALL

oral communication

Public

Partner 1, 3

ALL

Finished (4
countries / 6
countries)
Finished (4
countries / 6
countries)

Sabir et al. 2019. Agrarian Dynamics and Landscape Dynamics in the Tleta
Watershed, Western Rif (Morocco). Revue Marocaine des Sciences
Agronomiques et Vétérinaires, numéro spécial “Erosion et Dégradation
des sols”, 7(2).
Pastor et al. (2018). Elaboration of land use scenarios in prone-fire forests
in NW Portugal. Connecteur meeting, Lisbon, 14-16/02/2018 and Venise,
26-28/03/2018

set-17

apr-17
Paper under preparation. The delay can be explained by the delay in budget
allocation for the spanish team which is in charge of this deliverable.

dic-19

set-18

feb-18

available on local directory (too big to be shared online)

academic staff, policy
makers, extension services

set-17

from 08/2017 to
…

Still ongoing for Spain and Tunisia because of budget allocation delay or budget
restriction.

available on local directory (too big to be shared online)

academic staff, policy
makers, extension services

mar-18

from 12/2018 to
…

Still ongoing for Spain and Tunisia because of budget allocation delay or budget
restriction.

Finished

Ciampalini et al. 2018. Modelling soil erosion under land use and climate
change in a vineyard catchment of southern France. EGU General
Assembly, Vienna, Austria, 3-8 April 2018.

academic staff, policy
makers, extension services,
farmers

mar-19

apr-18

See below for addtionnal deliverables to D3.3

Smetanová et al. 2019. Landscaping compromises for land degradation
neutrality: the case of soil erosion in Mediterranean agricultural
landscape. Journal of Environmental Management 235: 282-292.

academic staff, policy
makers, extension services

mar-19

mar-19

academic staff, policy
makers, extension services

mar-19

ago-19

academic staff, policy
makers, extension services

mar-19

nov-18

academic staff, policy
makers, extension services

mar-19

nov-18

academic staff, policy
makers, extension services

mar-19

nov-18

academic staff, policy
makers, extension services

mar-19

ago-19

MASCC

ARIMNet2 call 2015

3

T3.2

D3.3. Impact of global changes in terms of onsite and off-site impacts of soil erosion
(submitted paper n°1).

MASCC

ARIMNet2 call 2015

3

T3.2

D3.3. Impact of global changes in terms of onsite and off-site impacts of soil erosion
(submitted paper n°2).

scientific paper

Public

Partner 1, 3

ALL

Finished

MASCC

ARIMNet2 call 2015

4

T4.1

D4.1. On-site soil resilience analysis
(communication)

oral communication

Public

Partner 4, 6

ALL

Finished

MASCC

ARIMNet2 call 2015

4

T4.1

D4.1. On-site soil resilience analysis (submitted
paper)

scientific paper

Public

Partner 4, 6

ALL

Finished

MASCC

ARIMNet2 call 2015

4

T4.2

D4.2. Off-site soil resilience analysis
(communication)

communication

Public

Partner 4, 6

ALL

Finished

MASCC

ARIMNet2 call 2015

4

T4.2

D4.2. Off-site soil resilience analysis
(submitted paper)

scientific paper

Public

Partner 4, 6

ALL

Finished

MASCC

ARIMNet2 call 2015

4

T4.3

D4.3. Guidelines for each agro-ecosystems
context (Communication + report)

communication +
report

Public

Partner 4, 6

ALL

in progress

El Mokaddem A. Vers un cadre conceptuel pour conserver l’eau par la
conservation des sols à l’aide des mécanismes de paiement pour services
environnementaux. Colloque international sur la vulnérabilité des sols
méditerranéens à l’érosion hydrique dans un contexte de changement
global. Rabat, Maroc, 19 et 20 novembre 2018.

academic staff, policy
makers, extension services

set-19

lug-20

Awaiting WP3 results for all sites for a full inter-site comparison.

MASCC

ARIMNet2 call 2015

4

T4.3

D4.3. Guidelines for each agro-ecosystems
context (submitted paper)

scientific paper

Public

Partner 4, 6

ALL

in progress

El Mokkadem et al. 2019. Assessment of the costs of agricultural soil
degradation through water erosion: Case of the "Tleta" watershed. Revue
Marocaine des Sciences Agronomiques et Vétérinaires, numéro spécial
“Erosion et Dégradation des sols”, 7(2).

academic staff, policy
makers, extension services

set-19

lug-20

Awaiting WP3 results for all sites for a full inter-site comparison.

MASCC

ARIMNet2 call 2015

5

web site

Public

Partner 1

ALL

Finished

http://mascc-project.org/

everybody

mar-17

set-16

MASCC

ARIMNet2 call 2015

5

workshop/conference

Public

Partner 1,4

ALL

Finished

http://www.soil-vulnerability-rabat2018.ma/

everybody

mar-18

nov-18

D5.1. Project Web site
D5.2. Project information for agricultural
actors

scientific paper

Public

Partner 1, 3

ALL

Finished

Choukri F., Raclot R., Naimi M., Chikhaoui M., Nunes J.P., Huard F.,
Hérivaux C., Sabir M., Pépin Y. Distinct and combined impacts of climate
and land-use scenarios on agricultural activities and reservoir
management in Northern Morocco. Submitted to Int. Soil and Water
Conservation Research (08/2019)
Ciampalini R. et al. Modeling the impact of land use and climate change
on soil erosion in a Mediterranean vineyard of southern France. Colloque
international sur la vulnérabilité des sols méditerranéens à l’érosion
hydrique dans un contexte de changement global. Rabat, Maroc, 19 et 20
novembre 2018.
Smetanová et al. 2019. Landscaping compromises for land degradation
neutrality: the case of soil erosion in Mediterranean agricultural
landscape. Journal of Environmental Management 235: 282-292.
Choukri F. et al. Simulation de l’impact des changements globaux à
l’horizon 2050 à l’aide de SWAT: Cas du bassin Tleta (Maroc). Colloque
international sur la vulnérabilité des sols méditerranéens à l’érosion
hydrique dans un contexte de changement global. Rabat, Maroc, 19 et 20
novembre 2018.
Choukri F., Raclot R., Naimi M., Chikhaoui M., Nunes J.P., Huard F.,
Hérivaux C., Sabir M., Pépin Y. Distinct and combined impacts of climate
and land-use scenarios on agricultural activities and reservoir
management in Northern Morocco. Submitted to Int. Soil and Water
Conservation Research (08/2019)

3 other papers under preparation (listed below)

Other papers related to D3.3 (already published or in preparation) includes on-site
soil resilience analysis for the considered study site.

Other papers related to D3.3 (already published or in preparation) includes off-site
soil resilience analysis for the considered study site.

regularly updated

MASCC

ARIMNet2 call 2015

5

D5.3. Project outcomes for stakeholders and
policy makers

Articles in professional
magazines

Public

MASCC

ARIMNet2 call 2015

1

Additional deliverable to D1.1 and D1.2

scientific paper

MASCC

ARIMNet2 call 2015

1

Additional deliverable to D1.1 and D1.2

scientific paper

MASCC

ARIMNet2 call 2015

Partner 1

Finished

Public

ALL

Finished

Public

Partner 2,3

Finished

Licciardello F., Barbagallo S. Gallart. F. 2019. Hydrological and erosional
academic staff, policy makers
response of a small catchment in Sicily. J. Hydrol. Hydromech., 67(3):
201–212 .

In progress

Pastor A. et al. ScenaLand: a low-demanding methodology to build land
academic staff, policy makers
use scenarios. Application to soil conservation in the Mediterranean.

2

Additional deliverable to D2.5

scientific paper

Public

Partner 1,3

In progress

scientific paper

Public

ALL

Finished

scientific paper

Raclot D. and the MASCC team. (2019). MASCC - Mediterranean
everybody
Agricultural Soils Conservation under global Change. ARIMNet2
Highlights Series. 4 p.
Pena-Angulo and the Weather Types and Soil Erosion team (+ 74 authors).
Spatial variability of the relationships of runoff and sediment yield with
weather types throughout the Mediterranean. Journal of Hydrology 571, academic staff, policy makers
390-405.

ALL

Public

ALL

Marien L. et al. Simulating global change impact on runoff and erosion
academic staff, policy makers
in a Italian grazing catchment (Cannata, Sicily)
du modèle LANDSOIL
Lagacherie et al. 2018. Managing Mediterranean Soil resources under
academic staff, policy makers
global changes. Regional Environmental Change.

giu-19

dic-19

See below for addtionnal deliverables to D5.3.

2019

2019

nov-19

synthetic paper on the scenario elaboration to be submitted in Land Use policy

dic-19

Impact of global change on on-site and of-site soil vulnerability in a grazing
agrosystem (Italian site)

MASCC

ARIMNet2 call 2015

3

Additional deliverable to D3.3 and to D4.1 &
D4.2

MASCC

ARIMNet2 call 2015

5

Additional deliverable to D5.3

MASCC

ARIMNet2 call 2015

1

Additional
Peña-Angulo,
deliverable
D. and
to the
D1.2Weather Types
and
Soil Erosion team (+ 74 authors).
expressed
as weather types and their relationship with runoff and erosion around the Mediterranean
basin.staff,
Poster,
Geophysical
apr-18EGU General Assembly 2018 (8-13 April 2018), Vienna (Austria).
oral
communication
Public 2018. Synoptic atmospheric patterns
ALL
Finished
academic
policy
makers Research Abstracts, 20: EGU2018-1004.

MASCC

ARIMNet2 call 2015

5

Addtionnal deliverable to D5.2.

oral communication

Public

All

Finished

MASCC

ARIMNet2 call 2015

5

Addtionnal deliverable to D5.2.

poster communication

Public

ALL

Finished

MASCC

ARIMNet2 call 2015

5

Addtionnal deliverable to D5.2.

oral communication

Public

All

Finished

MASCC

ARIMNet2 call 2015

5

Addtionnal deliverable to D5.2.

oral communication

Public

All

Finished

MASCC

ARIMNet2 call 2015

5

Addtionnal deliverable to D5.2.

oral communication

Public

All

Finished

MASCC

ARIMNet2 call 2015

5

Addtionnal deliverable to D5.2.

oral communication

Public

All

Finished

MASCC

ARIMNet2 call 2015

5

Addtionnal deliverable to D5.2.

poster communication

Public

All

Finished

Raclot D. and the MASCC team. (2016). The “Mediterranean Agricultural
Soil Conservation under Global Change” (MASCC) project. ARIMNet & academic staff, policy makers
ARIMNet2 meeting, Lisbon, Portugal, 14-16 March 2016.
Raclot D. et al. Mediterranean agricultural soil conservation under global
academic staff, policy makers
change: the MASCC project. 16th Biennial Conference ERB 2016,
Bucharest, Romania, 5-8 September 2016.
Keizer J. and the MASCC team. Mediterranean agricultural soil
academic staff
conservation under global change: the MASCC project. CESAM worshop,
Aveiro, Portugal, 4 April 2017.
Nunes, J.P. and the MASCC team. MASCC: Mediterranean Agricultural
Soils Conservation under global Change. Workshop “Agricultural
adaptation to climate change: France, Portugal and the Mediterranean
region”; Portuguese Foundation for Science and Technology and French
Institute of Portugal, 27 and 28/09/2018.
Raclot D. and the MASCC team. (2017). MASCC - Mediterranean
Agricultural Soils Conservation under global Change. ARIMNet2
international conference. Montpellier, France, 12 October 2017.
Raclot D. and the MASCC team. (2019). MASCC - Mediterranean
Agricultural Soils Conservation under global Change. ARIMNet2
international conference “ARIMNet2 ends, but our heritage serves the
future”. Montpellier, France, 18-19 June 2019.
Raclot D. and the MASCC team. (2019). MASCC - Mediterranean
Agricultural Soils Conservation under global Change. ARIMNet2
international conference “ARIMNet2 ends, but our heritage serves the
future”. Montpellier, France, 18-19 June 2019.

2018

mar-16

set-16

apr-17

academic staff, policy makers

set-18

academic staff, policy makers

giu-19

academic staff, policy makers

giu-19

academic staff, policy makers

giu-19
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Abstract
Increased soil erosion, pressure on agricultural land, and climate change highlight the need for new
management methods to mitigate soil loss. Management strategies should utilize comparable data sets
of long-term soil erosion monitoring across multiple environments. Adaptive soil erosion management
in regions with intense precipitation requires an understanding of inter-annual variability in sediment
yield (SY) at regional scales. Here, a novel approach is proposed for analysing regional SY. We
aimed to (i) investigate factors controlling inter- and intra-annual SY, (ii) combine seasonality and
time compression analyses to explore SY variability and (iii) discuss management implications for
different Mediterranean environments. Continuous SY measurements totalling 104 years for eight
small catchments were used to describe SY variability, which ranged from 0 to 271 t/ha/year and 0 to
116 t/ha/month. Maximum SY occurs in spring to summer for catchments with oceanic climates,
while semi-arid or dry summer climates experience SY minimums. We identified three time
compression patterns at each time scale. Time compression was most intense for catchments with
minimum SY in spring to summer. Low time compression was linked to very high soil loss, low runoff and sediment production thresholds, and high connectivity. Reforestation, grassland and terracing
changed SY magnitudes and time compression, but failed to reduce SY for large storm events.
Periods with a high probability of high SY were identified using a combination of intra-annual SY
variability, seasonality analysis, and time compression analysis. Focusing management practices on
monthly flow events, which account for the majority of SY, will optimise returns in Mediterranean
catchments.
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Introduction
Soils are a non-renewable and essential resource for food
production and society. Soil erosion occurs as a
consequence of anthropic pressure on agricultural land and
climate change. It is a major environmental and
agricultural threat worldwide (e.g. Vanmaercke et al., 2014;
Garcıa-Ruiz et al., 2015). Soil erosion in Mediterranean
regions is particularly severe because of specific
environmental conditions (low annual precipitation, high
evapotranspiration, intense rainstorms, drought occurrence
and steep slopes), long land management history, recent
tectonic activity, recurrent use of fire, overgrazing and
farming (Verstraeten et al., 2003; Gonzalez-Hidalgo et al.,
2007; de Vente et al., 2011; Prosdocimi et al., 2016a). For
mitigating soil loss, effective catchment-specific tailor-made
solutions are required (Garcıa-Ruiz et al., 2017; Raclot
et al., 2017). Several studies have demonstrated that soil
erosion and sediment transport are affected by land use
and landscape design (Kosmas et al., 1997; Cerdan et al.,
2010; Cerda et al., 2017). Contemporary erosion
management practices in Mediterranean regions include
terrace building (Tarolli et al., 2014), no- or reduced-tillage
(Kassam et al., 2012), cover crops (G
omez et al., 2009),
mulching (Prosdocimi et al., 2016b), planting grass
(Marques et al., 2011), using vegetated strips (Mekonnen
et al., 2015) and reforestation (Rey, 2003). Several
constraints may limit their efficiency such as farmers’
appropriation, lack of maintenance, or a lack of adaptation
to local conditions (Maetens et al., 2012). One of the main
scientific and operational challenges is to find the soil
erosion management method best adapted to address the
temporal scales on which the majority of sediment is
delivered in a particular catchment. Larson et al. (1997)
suggested catchment soil conservation strategies should be
designed to account for an exceptional single storm with a
10 or 20-year return period. Analysing annual and decadal
mean values of sediment yield (SY) and regional controlling
factors (de Vente et al., 2011) provides information on
adequate erosion control for years with average SY, but
does not properly address the events that contribute to the
majority of sediment comprising annual yields. Time
compression refers to the phenomenon where major soil
losses take place during short periods, typically in a few
large events (Gonzalez-Hidalgo et al., 2007). Large
precipitation events and rainfall-run-off responses are highly
variable in Mediterranean regions (Merheb et al., 2016).
Their effects on SY are often inter-linked to antecedent soil
surface conditions set up by previous events (Kim &
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Ivanov, 2014; Saffarpour et al., 2016), and influenced by
land management (Nadal-Romero et al., 2012).
Studies of SY variability and time compression have
demonstrated that large river systems (Moatar et al., 2013)
exhibit lower sensitivity to land cover changes or specific
climatic events, relative to smaller catchments (e.g. Walling,
1999; Dearing et al., 2006). Consequently, the impact of land
management may be easier to understand when considering
small catchments (<100 km2, Gay et al., 2014). Garcıa-Ruiz
et al. (2015) identified the need for new management
guidelines based on comparable data sets from long-term
monitoring in a variety of environments (Vanmaercke et al.,
2012).
Our hypothesis was that adapting management to specific
SY temporal distribution is possible at the catchment scale,
by considering SY intra-annual variability using monthly
data sets (which reflects seasonal interactions between
rainfall distribution and agricultural practices), and by
combining SY seasonality and time compression analysis.
The objectives of the study were to (i) investigate factors
controlling of inter- and intra-annual SY variability, (ii)
explore SY variability by combining seasonality and timecompression analyses, and (iii) discuss management
implications for different Mediterranean environments. The
analyses were based on comparable SY data sets from
medium to long-term (3–29 years) continuously monitored
small catchments across a wide range of Mediterranean
environments.

Material and methods
Study area
The data set was compiled from a network of medium to
long-term monitored catchments (R-OSMed) across eight
small catchments (1.88–130 ha) in five countries (Pellus
et al., 2012; Figure 1) spanning four different climate sub
regions (Peel et al., 2007), and a range of environments in
the Mediterranean region (Table 1). In total, 104 years of
continuous environmental and agricultural monitoring and
SY measurements from the catchment outlets were available
for Roujan, Laval and Brusquet (France), El Cautivo and
Can Vila (Spain), Cannata (Italy), Macieira de Alc^
oba
(Portugal) and in Kamech (Tunisia).

Data sets
Monthly (referring to intra-annual variability) and annual
(referring to inter-annual variability) data sets of SY, rainfall

Temporal variability and time compression of sediment yield in Mediterranean catchments
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Figure 1 Location of the catchments of the R-OSMed network. The size of the symbol refers to the measurement period in years used to build
the database in each catchment: BRU (Brusquet, 11 years), CAN (Cannata, 9 years), CAU (El Cautivo, 18 years), KAM (Kamech, 7 years),
LAV (Laval, 29 years), MAC (Macieira de Alc^
oba, 3 years), ROU (Roujan, 17 years), VIL (Can Vila, 10 years). Brusquet and Laval are
neighbouring catchments.

and run-off were derived from continuous monitoring data
sets.
The monthly data set consisted of monthly SY, calculated
from the area-specific SY event data as follows:
XK
SYi;j ¼
SYkði;jÞ
ð1Þ
k¼0
where SY is the total area specific sediment yield (t/ha), i is
the month, j is the year, k is the event in month i and K is
the number of events in month i.
Factors influencing SY, such as rainfall, storm run-off and
baseflow, were calculated at intra-annual scales from an
event-based database similarly to SY (equation 1). The
months with unmeasured SY because of equipment failure,
were excluded from the database. Additional details of the
calculations for these and other controlling factors are in
Table 2. The annual data set was derived from the monthly
data set by aggregating monthly values as a sum or
maximum in a hydrological year (Table 2). If one monthly
value within a hydrological year was missing, the whole year
was excluded from the data set.

Controlling factors
In order to analyse factors influencing inter-annual
variability, we considered SY as a function of labile and
stable factors over inter-annual scales:
f ðSYÞ  controlling factors (labile + stable influences)

ð2Þ

Pearson correlations quantified the relative influence of
each factor on SY (similarly to Vanmaercke et al., 2014).
Because all inter- and intra-annual variables had non-normal
distribution (P < 0.5; Lilliefors, 1967), correlations were
conducted on log-transformed data (values <0.01 were set to
0.01) with normal distribution.

SY seasonality
Seasonality of rainfall, run-off, SY and sediment
concentration were evaluated from plots of normalized
variables for each catchment. For each catchment and
month, the mean monthly SY (mSYi,) was calculated as
follows:
PJ
j¼1 SYi;j
m SYi ¼
ð4Þ
J
where SYi,j is the total area specific sediment yield (t/ha) in
the ith month and in jth year, and J is the total number of
records in the annual data set for the considered catchment.
Second, the inter-annual mean SY lSY was calculated as:
PI
SYi;j
mSY ¼ i¼1
;
ð5Þ
I
where SYi,j is the sediment yield (t/ha) in ith month and jth
year of all I considered months.
The normalized SY values for each ith month (N mSYi)
were than calculated as follows:

At intra-annual scales, only labile factors were tested:
f ðSYÞ  labile influences

ð3Þ

The complete list of controlling factors is described in
Table 2.

NmSYi ¼

mSYi  lSY
lSY

ð6Þ

Normalized monthly values of rainfall, run-off and
sediment concentration were calculated in the same way.
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56.4

1.88

15.2

86.0

94.0

91.0

Cannata

Can Vila

El Cautivo

Kamech

Laval

Macieira
de Alc^
oba

Roujan

1992–2009

2010–2013

1985–2013

2005–2012

1991–2009

2000–2009

1998–2006

2003–2013

MP

Temperate hot
dry summer
(Mediterranean)
Temperate without dry
season- warm
summer (Oceanic)
Temperate warm dry
summer
Mediterranean
Temperate hot dry
summer
(Mediterranean)

Temperate without
dry season – warm
summer (Oceanic)
Temperate hot
dry summer
(Mediterranean)
Temperate without dry
season – warm
summer
(Oceanic)
Arid steppe cold
(Semi-arid)

Climatea

Eutric Cambisols,
Orthic Luvisols

Scaly clay,
landslide
deposits
Red clay,
limestone

Vertisols, Eutric
Regosols, Calcic
Cambisols
Calcaric Leptosols

Sandstone

Leptosols, Cambisols

Calcaric Regosol,
Siltic Calcisols,
Calcaric Leptosols

Schist, granite

Limestone

Marl, marly
limestone

Haplic Calcisols,
Epileptic
and Endoleptic
Regosols,
Eutric Gypsisol

Marl

Calcaric Regosol

Calcaric Leptosols

Soil typeb

Marl, marly
limestone

Bedrock

Permanent crops
(63%), forest (14%)

Bare land/scarce
vegetation/ degraded
(59%), forest (32%)
Forest (50–60%),
annual crops (23%)e

Natural vegetation –
shrubland (52%),
bare land/scarce
vegetation/degraded
(23%), biological
soil crustd (22%)
Annual crops (72%),
shrubland (28%)

Forest (87%), bare
land/scarce
vegetation/degraded (13%)
Pastures and
grassland (87–92%),
annual crops (8–13%)
Pastures and
grassland (52%),
forest (34%)

Land use (% of area)

no

no

Yes

(David et al., 2014;
Gumiere et al., 2014)

(Goncßalves Ferreira,
1996; Nunes et al., 2016)

(Rey, 2003; Legout et al., 2013)

(Ben Slimane et al., 2013;
Inoubli et al., 2016)

No

(Latron et al., 2008;
Latron & Gallart, 2008)

Yes

(Chamizo et al., 2012;
Rodrıguez-Caballero et al., 2013)

(Licciardello, 2007)

No

Yes

(Rey, 2003), Legout et al., 2013)

References (example)

Yes

Badlandsc

MP – measurement period used in the database; arecalculated according to K€
oppen–Geiger classification in Peel et al. (2007); bWRB (2015) classification, IUSS Working Group WRB
(2015); cbadlands are strongly eroded steep slopes with minimal vegetation and high drainage density; dbiological crust is typical soil cover formed by communities of cyanobacteria,
microfungi, algae, lichens and mosses; e10% of the catchment area was burned in forest fire in August in second measurement year. A new forest plantation was established the
following March. The MP in Maciera de Alcoba was the shortest of the catchments (3 years). Its MP included a humid, a regular and a dry year representative of a range of conditions
during longer periods and >51 erosive events (in only 2 years, Nunes et al., 2016). Macieira further represented environmental conditions and practices (terraces, afforestation and
fires) common in humid Mediterranean areas, which were not present at any other site under study.
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Area (ha)

Brusquet

Name

Table 1 Characteristics of R-OSMed catchments
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Stable controlling factors
11
AR
Area
12
B
Badlands as % of area
13
CPG
Gully erosion contributing to SY

Rainfall kinetic energy

ha
%
%

n.e.
n.e.
n.e.

Max (events)

J/m2/mm

RKX

Median (events)

10

Rainfall kinetic energy

J/m2/mm

RKD

9

Specific flood-peak discharge
Vegetation cover as % of area
Max (events)
Mean

SFD
VC

7
8

Sum (events)

m3/s/km2
%

SC

6

Number of run-off events
with maximum discharge > 1 l/s/ha
Sediment concentration
Value

Q1

5

Sum (events)
Sum (events)
Sum (events)

Sum (events)

Intra-annual

g/l

mm
mm
mm

Rainfall
Run-off
Baseflow depth

RL
RF
BF

Unit

2
3
4

Name

t/ha

ABV.

Variable controlling factors
1
SY
Sediment yield

No

Value
Value
Value

n.e.

n.e.

Max (months)
mean (months)

Value

Sum (months)

Sum (months)
Sum (months)
Sum (months)

Sum (months)

Inter-annual

Statistics used in data set

Table 2 Sediment yield, influencing factors and statistical measures used in intra- and inter-annual data sets

Expert estimate

Monthly values were calculated from
measured values or experts estimates
of vegetation cover of each land use
type and months. Values were calculated
according to the spatial extent of each
land use typea. Annual values were the
mean of monthly values
Kinetic energy = 11.87 + 8.73a log10I30max;
for I30max >76 mm/h use kinetic energy =
28.29 J/m2/mm; where I30max is maximal
intensity in 30 min (mm/h)
Kinetic energy = 11.87 + 8.73a log10I30max;
for I30max >76 mm/h use kinetic energy =
28.29 J/m2/mm; where I30max is maximal
intensity in 30 minutes (mm/h)

where: SY = total area specific sediment yield,
i – month, j – year, k – event in
month i, K – number of events in
the month i. SY refers to suspended
SY (except of LAV, BRU and CAN,
where SY = suspended SY + bedload)
Monthly RL depth calculated the same as SY
Monthly RF depth calculated the same as to SY
Monthly baseflow depth calculated the
same as SY in MAC, ROU, CAN
Monthly values were calculated as the
sum of corresponding events
Monthly (and yearly) SC were calculated
as SC = sum SY/ sum RF in the
corresponding month (and year)

Monthly SY calculated as
XK
SYi;j ¼
SYkði;jÞ
k¼0

Notes

Temporal variability and time compression of sediment yield in Mediterranean catchments
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CPS

HI

PS

SP

14

15

16

17

Time compression
ABV., abbreviation; BRU, Brusquet; CAU, El Cautivo; CAN, Cannata; KAM, Kamech; LAV, Laval; MAC, Macieira de Alc^
oba; n.e., not evaluated; No., number; ROU, Roujan;
VIL, Can Villa; ain CAU biological crust was considered as land use type; DEM- Digital Elevation Model.

Slope raster derived from DEM in
ArcGIS 10 Spatial Analyst. SP value
is a catchment mean of raster values
calculated by zonal statistic (mean) in
moving rectangle (3 x 3 pixels) on slope raster
Value
n.e.
%

Value
n.e.
%

Portion of eroded
sediment reaching the outlet
Mean slope

Value
n.e.

(Hmean - Hmin) / (Hmax - Hmin), where
H is height in m a.s.l
On an average annual basis. Expert estimate

Value
n.e.
%

Sheet and rill erosion
contributing to SY
Hypsometric integral

Inter-annual
Intra-annual
ABV.
No

Table 2 (continued)

Name

Unit

Statistics used in data set

Expert estimate

Notes
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Time compression was analysed based on plots of
cumulative percentages (Figure 2). To produce the plots,
first the annual SY values were expressed as a percentage
of the total SY across the entire measurement period in a
catchment (SY-EMP). Each year was expressed as a
percentage of the total duration of the entire measurement
period (DEMP). SY percentages were placed in ascending
order, and cumulative SY percentage and cumulative time
units’ percentages (year in this case) were calculated. This
procedure was repeated for annual rainfall and run-off,
and for monthly rainfall, run-off and SY. Cumulative
percentages of each monthly and annual variable were
plotted as the dependent variable (% V-EMP) against
cumulative percentage of time units (% DEMP). Three
limiting patterns of time compression were described. No
time compression occurs when each unit of time (month
or year) contributes the same percentage to variable total
across the entire measurement period in a catchment (VEMP, Figure 2a). Extreme time compression is when the
whole V-EMP occurred within only 10% of the entire
time (Figure 2b). Generally, steeper slopes on time
compression plots indicate bigger contributions of the
corresponding time units to the independent variable. Low
or zero-slope values along portions of the x-axis indicate
shorter timescales contributing to the independent variable.
A variable (e.g. SY) has low-intensity time compression if
the variable value exceeds 25% of the cumulative total
within the first-half of the total time (Figure 2c). Medium
time compression exists when V-EMP is between 0 and
25% within the first 50% of the total time. When variable
values of zero occur after 50% of the time, time
compression is high. Time compression of rainfall, run-off
and SY plotted for each catchment helps distinguish time
compression patterns. In order to identify periods with a
high likelihood of high SY, months contributing more
than 5% to V-EMP (in each catchment) were analysed
further.

Results
Factors controlling sediment yield
Annual SY values varied greatly over space and time, from
0 t/ha/year in El Cautivo (in year 1998) to 271.13 t/ha/year
in Laval (in year 1994; Figure 3). Factors exerting a
dominant influence on inter-annual SY values are described
in supporting information (Tables S1 and S2). Monthly SY
varied from 0 to 116 t/ha/month (Tables S1), and was below
100 t/ha/month in 50% of all 1254 monthly measurements
across all catchments (Tables S3). Monthly variability of
rainfall, run-off, sediment concentration and vegetation
cover are described further in Tables S4–S7.

Temporal variability and time compression of sediment yield in Mediterranean catchments
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Figure 2 Conceptual framework for time compression analysis. (a) no time compression of a variable. All units of time contribute the same
portion to the total value of a variable measured during the entire measurement period (V-EMP), (b) high time compression of a variable. VEMP is created during only one unit of time, (c) threshold values to define intensity of time compression: L (low) - variable value >25 % of VEMP during <50% total duration of measurement period (DEMP); M (medium) – variable value non-zero and maximum 25% of V-EMP
during <50 % DEMP; H (high) – variable value 0 % of V-EMP during <50 % DEMP.

Annual SY values had a strong positive correlation with
(log-transformed) maximum annual specific flood-peak
discharge, number of erosive events, and sediment
concentration, and were negatively correlated with vegetation
cover (Table 3). The strength of correlations between SY
and controlling factors increased for intra-annual scale data
relative to inter-annual data, except for baseflow and
vegetation cover. Maximum and median kinetic energy from
rainfall were weakly correlated to SY.

SY seasonality and time compression
The seasonality of rainfall, run-off, sediment concentration,
SY and vegetation cover are plotted in Figure 4. Kamech,
Cannata, Macieira de Alc^
oba, Roujan and El Cautivo had
minimum SY throughout spring and summer (i.e. May to
August), while Can Villa, Brusquet and Laval had exhibited
maximum SY during this period.
Three different seasonality relational patterns were noted
for rainfall, run-off, SY, and sediment concentration: (i)
variables had similar trends with different magnitudes, (ii)
variables had similar trends but lines were shifted, and (iii)
variables had opposing trends.
After classifying time compression intensity (Figure 2c),
the results indicated low inter-annual time compression for
rainfall across all catchments (Figure 5a), while it was low to
medium for run-off and dominantly medium for SY. Intraannual time compression was medium for rainfall for all
catchments (Figure 6a), medium to high for run-off, and
mostly high for SY. The time in which ~50% of total
measured rainfall, run-off, or SY was collected is shown in
(Tables S8). Three patterns of time compression were
identified at both intra-annual and inter-annual scales
(Table 4). Laval had the lowest time compression at both
time scales. The remainder of the catchments fell into two

groups (i) medium compression patterns at inter- and intraannual scales in Brusquet, Can Villa and Macieira de
Alc^
oba, and (ii) highly compressed patterns at Cannata, El
Cautivo, Kamech and Roujan (Figures 5b, 6b, Table 4).

Months contributing to time compression
Months contributing >5% of total sediment yield measured
during entire measurement period (SY-EMP, 3–29 years,
Table 1) existed in all catchments (Table 5), except in Laval
with a maximum monthly contribution of 2.8%. The fourmonth period from October to January had frequent high
contributions to SY-EMP; accounting for 7% of SY-EMP in
Can Vila, 14–22% SY-EMP in Brusquet, Roujan and El
Cautivo, 36% SY-EMP in Macieira de Alc^
oba, and >65%
SY-EMP in Cannata and Kamech. Amounts of rainfall
collected in the months with SY > 5% SY-EMP differed
between catchments, and was only 6–32% of total rainfall
measured during entire measurement period (rainfall-EMP).
Similarly, the amount of run-off was 10–51% of total runoff measured during entire measurement period (run-offEMP).
Furthermore, we analysed whether months that
contributed >5% SY-EMP differed from months that
contributed >5% rainfall-EMP or >5% run-off-EMP.
Excluding Kamech and Macieira de Alc^
oba, months with
rainfall contributions >5% of rainfall-EMP produced the
highest SY (SY > 5% SY-EMP). In Macieira de Alc^
oba,
Kamech and Roujan, months with highest run-off (>5%
run-off-EMP) had >70% overlap with months that had >5%
contributions to SY-EMP. In Can Vila, Brusquet and
Cannata, months with highest SY (>5% SY-EMP) had the
highest sediment concentration twice as often as the highest
run-off (>5% run-off-EMP). The opposite trend was found
in Kamech, Roujan, El Cautivo and Macieira de Alc^
oba.
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KAM ROU

CAN CAU LAV BRU
Catchment

KAM ROU

VIL

MAC CAN

KAM ROU

VIL

MAC CAN CAU

CAU

LAV BRU
Catchment

1e–02

1e+00
1e–01
1e–02

Sediment concentration (g/L)

1e+01

1e+02

1e+04

(d)

Sediment yield (102t/ha)
1e+00
1e+02

(c)

VIL MAC

KAM ROU

VIL

MAC CAN

CAU

LAV

BRU

Catchment

LAV BRU
Catchment

Figure 3 Inter-annual variability of (a) rainfall (mm), (b) run-off (mm), (c) sediment yield (102 t/ha) and (d) sediment concentration (g/l). 1st
quartiles, medians and 3rd quartiles are plotted, whiskers represent 1.5 x interquartile range. Inter-annual means are plotted as red dots. The
values of run-off, sediment yield and sediment concentration <0.01 were transformed to 0.01 and were plotted using a logarithmic scale. Please
note the differences in the scale of y-axis. Catchments abbreviations given in Figure 1.

Discussion
Variability of SY and correlation between SY and
influencing factors
Sediment yield inter-catchment variability at inter-annual
timescales was similar to that described in de Vente et al.
(2011) for the Mediterranean region. Monthly analysis showed
great intra-annual variability. Significant positive correlations
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(P > 0.01) between SY and rainfall, and SY and run-off at
annual and monthly scales, were contrary to previous results
which had indicated negative or no significant correlations for
other catchments (Verstraeten et al., 2003; de Vente et al.,
2011; Vanmaercke et al., 2014). Weak correlations between
maximum and median monthly rainfall intensity with
sediment yield were caused by a combination of factors (such
as connectivity, land use and soil type) and differed between

Temporal variability and time compression of sediment yield in Mediterranean catchments
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Table 3 Correlation matrix of log-transformed factors of SY based on the annual data set (n = 104) for inter-annual analysis and on the
monthly data set (n = 1248) for intra-annual analysis. Bottom left – values of Pearson correlation coefficient, top right – the P values; factors
abbreviated in Table 2
A: Inter-annual

SY
SC
RL
RF
Q1
BF
VC
SFD
B
HI
SP
CPS
CPG
AR
PS

SY

SC

RL

RF

Q1

BF

1
0.75
0.38
0.55
0.75
0.26
0.64
0.80
0.46
0.28
0.46
0.17
0.40
0.12
0.45

0.00
1
0.26
0.12
0.47
0.37
0.46
0.31
0.50
0.48
0.38
0.38
0.25
0.37
0.33

0.00
0.01
1
0.88
0.45
0.18
0.26
0.62
0.04
0.30
0.11
0.18
0.14
0.75
0.07

0.00
0.23
0.00
1
0.58
0.10
0.36
0.76
0.02
0.21
0.16
0.23
0.25
0.67
0.21

0.00
0.00
0.00
0.00
1
0.23
0.59
0.72
0.09
0.06
0.09
0.17
0.11
0.36
0.13

0.01
0.00
0.07
0.31
0.02
1
0.01
0.01
0.73
0.19
0.63
0.23
0.88
0.35
0.73

SY

SC

RL

RF

Q1

BF

1
0.92
0.46
0.64
0.80
0.04
0.85
0.15
0.35
0.36

0.00
1
0.39
0.46
0.73
0.05
0.70
0.14
0.34
0.34

0.00
0.00
0.00
1
0.60
0.25
0.74
0.10
0.47
0.49

0.00
0.00
0.00
0.00
1
0.23
0.82
0.13
0.35
0.37

VC

SFD

0.00
0.00
0.01
0.00
0.00
0.89
1
0.68
0.11
0.08
0.06
0.34
0.06
0.22
0.23

0.00
0.00
0.00
0.00
0.00
0.91
0.00
1
0.05
0.16
0.11
0.03
0.22
0.48
0.22

B
0.00
0.00
0.71
0.82
0.37
0.00
0.28
0.62
1
0.47
0.95
0.03
0.77
0.29
0.68

HI
0.00
0.00
0.00
0.03
0.55
0.06
0.42
0.53
0.00
1
0.35
0.21
0.21
0.57
0.43

SP

CPS

CPG

AR

PS

0.00
0.00
0.26
0.10
0.37
0.00
0.55
0.31
0.00
0.00
1
0.01
0.73
0.14
0.76

0.08
0.00
0.07
0.02
0.08
0.02
0.00
0.78
0.75
0.04
0.94
1
0.37
0.08
0.29

0.00
0.01
0.17
0.01
0.29
0.00
0.56
0.03
0.00
0.03
0.00
0.00
1
0.19
0.85

0.21
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.16
0.45
0.06
1
0.30

0.00
0.00
0.53
0.05
0.21
0.00
0.03
0.04
0.00
0.18
0.00
0.00
0.00
0.00
1

B: Intra-annual

SY
SC
RL
RF
Q1
BF
SFD
VC
RKX
RKD

0.00
0.00
1
0.61
0.46
0.18
0.48
0.07
0.88
0.87

0.20
0.09
0.00
0.00
0.00
1
0.17
0.09
0.11
0.03

SFD
0.00
0.00
0.00
0.00
0.00
0.00
1
0.20
0.33
0.36

VC
0.00
0.00
0.02
0.77
0.00
0.00
0.00
1
0.13
0.00

RKX
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.04
1
0.97

RKD
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
1

Bold, significance level (a = 0.01, otherwise 0.05); italic and bold italic, Pearson correlation coefficients; Grey shades are included only to
distinguish the Pearson correlation = 1.

catchments. These weak correlations therefore did not relate
directly to the extent of splash erosion in each individual
catchment, and the role of splash should be investigated in
further studies. Annual SY correlations between badland
areas (strongly eroded steep slopes with minimal vegetation
and high drainage density), mean slope, gully erosion
contributions to SY and sediment reaching the outlet was
similar to Verstraeten et al. (2003). Negative correlation
between annual SY and mean annual vegetation cover
occurred because the lowest mean annual vegetation cover was
found in catchments with highest sediment yield (Laval,
Kamech). Correlation between monthly vegetation cover and
monthly SY was weak because of relative inter-annual
stability of vegetation in some catchments (e.g. Brusquet, Can
Vila, El Cautivo). In other catchments, for example Macieira

de Alc^
oba (Nunes et al., 2016) inter-annual vegetation cover
variability influenced sediment production and delivery.

Seasonality and time compression
Observed seasonal patterns in SY followed the trend of
rainfall distribution in summer. Catchments with dry
summers (Cannata, El Cautivo, Kamech, Macieira de
Alc^
oba, and Roujan) had minimum SY from May to
August, while catchments with humid summers (Brusquet,
Can Villa, Laval) reached a maximum in SY. Observed
rainfall-run-off distributions closely followed patterns
common to the northwest Mediterranean region (Merheb
et al., 2016). In spite of this, run-off-SY seasonal distribution
differed more than rainfall-SY seasonal distribution. Tarolli
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Table 4 Time compression patterns according intensity of rainfall, run-off and sediment yield, as described in Figure 2
Time compression pattern (rainfall–run-off–sediment yield)
Inter-annual

Group
1
2
3

Catchment

Low–Low–Low

Laval
Brusquet, Can Villa,
Macieira de Alc^
oba
Cannata, El Cautivo,
Kamech, Roujan

x

Intra-annual

Low–Low–
Medium

Low–Medium–
Medium

Medium–Medium–
Medium

Medium–Medium–
High

Medium–High–
High

x
x

x
x

x

Table 5 Months individually contributing >5% of total sediment yield measured during the entire measurement period in a catchment
Month
Catchment
Brusquet
Cannata
Can Villa
El Cautivo
Laval
Kamech
Macieira de Alc^
oba
Roujan
P2

I

II

III

IV

V

VI

VII

VIII

IX

X

XI

XII

P1

0
2
0
0
0
2
1
1
0.48

0
0
1
0
0
0
0
1
0.16

0
0
0
0
0
0
1
0
0.08

0
0
1
2
0
0
1
1
0.40

1
0
1
0
0
0
0
0
0.16

0
0
0
0
0
0
0
0
0

1
0
1
0
0
0
0
0
0.16

0
0
0
1
0
0
0
0
0.08

0
0
0
1
0
0
0
0
0.16

0
1
0
1
0
1
0
2
0.40

1
0
0
2
0
0
0
2
0.40

1
3
1
0
0
1
2
0
0.64

3.03
5.26
4.17
3.24
0.00
4.76
13.89
3.42

P1 – percent of months individually contributing >5% of total sediment yield measured during the entire measurement period in each catchment,
P2 – % percent of months occurrence in monthly data set (n = 1248).

et al. (2012) concluded that increased frequency of flash
flood events in autumn contribute to increased run-off in
November and winter. In our study >5% run-off-EMP and
>5% SY-EMP were most likely to occur in December and
January.
Time compression was more intense for semi-arid (El
Cautivo) and all the dry summer catchments compared with
those with humid summers. Macieira de Alc^
oba which has
dry summers was an exception because of specific winterpasture management on irrigated terraces with a shallow
water table (Nunes et al., 2016). These conditions decreased
soil loss, but not run-off, from November to January when
most >5% rainfall-EMP and >5% run-off-EMP took place.
SY did not occur for all events with run-off, and SY time
compression was more intense relative to run-off time
compression. Time compression also reflected landmanagement practices for grasslands (Nadal-Romero et al.,
2012). Specific management practices for the dry-summer
catchment in Macieira de Alc^
oba lead to similar time
compression to humid-summer catchments in Brusquet and
Can Villa, and a winter hydrological response resembling
catchments in humid climates (Latron et al., 2008).

Neighbouring catchments in Laval and Brusquet with
oceanic climates and humid summers had similar
characteristics except for vegetation cover and badland area
(Table 1). Despite many similarities, the Laval and Brusquet
catchments differed in both SY magnitude and time
compression. Laval’s low time compression was due to the
catchment’s low run-off and sediment production thresholds
that were independent of inter-annual variability in rainfall
and run-off, and because of very high soil erosion
vulnerability. In contrast, forest management in Brusquet
decreased SY and caused time lags in sediment response.

Combining analysis of SY seasonality and time
compression for management purposes
Comparing regional annual SY values may assist in
identifying regional soil erosion hot-spots (Vanmaercke
et al., 2014), but careful selection of controlling factors is
crucial because of significant variance in the local sediment
responses of individual catchments (e.g. Laval and
Brusquet). Our findings confirm our hypothesis that
improving management adaptation to specific SY temporal
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distribution is possible at the small catchment scale, by
considering SY intra-annual variability, and by combining
SY seasonality and time compression analysis. Inter-annual
time compression analysis distinguished well-connected
catchments with low erosion thresholds, where management
targeting connectivity (e.g. terraces, vegetative strips and
water harvesting tillage) and/or surface cover (e.g.
reforestation) could decrease SY (Rey, 2003) and cause
postponed sediment response represented by higher time
compression (e.g. Brusquet catchment). Grassland and
forest management in humid catchments (Brusquet, Can
Villa, Laval), and Macieira de Alc^
oba decreased run-off
time compression intensity more than SY time compression
intensity at inter-annual scales. However, in semi-arid El
Cautivo, and in dry-summer catchments with higher
proportions of arable land (Roujan, Kamech), run-off and
SY time compression intensities were equivalent and high.
Despite further management to reduce run-off and soil loss
(e.g. autumn tillage, vegetation strips and ditches), most of
studied catchments experienced significant soil loss and SY
time compression. Vegetation cover, soil cover and
sediment trapping measures were effective in reducing runoff, soil loss and SY during single events and over longer
timescales (Cerda et al., 2016, 2017), but the degree of
efficiency differs for mean and extreme rainfall conditions
(Marques et al., 2011; Biddocu et al., 2017). In catchments
with high SY but low or medium time compressions, such
as Laval, the permanent vegetation cover is certainly the
best option for erosion control. In situations where
excessive aridity prevents vegetation from permanently
covering the soil, it will be necessary to set up other type
of erosion control measures, such as terraces or waterway
management. When intra-annual time compression for runoff and/or SY are high (e.g. Kamech), temporary control
measures such as mulch, geotextiles, sediment traps, cover
crops and water harvesting tillage during months with
higher probability of soil loss will increase the efficiency of
SY management (Sherriff et al., 2016). Prosdocimi et al.
(2016b) demonstrated that mulching can decrease soil loss
and run-off volume by more than 90%, while Mekonnen
et al. (2015) showed similar reductions for trapping
efficiencies with some types of vegetative strips. Applying
spatially adjusted management practices (Gumiere et al.,
2014; Levavasseur et al., 2016) can be planned best by
using combined SY seasonality analyses and intra-annual
time compression analyses.
The approach used here has proposed a synoptic view of
sediment yield dynamics, which distinguished periods with a
high probability of significant SY more precisely than typical
annual SY analyses, and was less sensitive to variability
from extreme events than single event analyses. Variability in
monthly SY (e.g. Kamech) demonstrates the SY magnitudes
to which applied management practices should be adjusted.
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Conclusion
This study used a novel approach to improve regional SY
studies based exclusively on a data set from medium to longterm monitoring efforts in multiple catchments. Its
originality resided in the combination of analysing both
inter- and intra-annual SY variability using SY seasonality
and time compression analyses. We concluded that two
contrasting SY seasonal patterns existed for the studied
catchments in Mediterranean region, differing in the season
where maximum SY occurred. Catchments with oceanic
climate and humid summer had maximum SY from spring
to summer, while catchments with a Mediterranean dry
season or with semi-arid climates had largest SY rates
between October and January, and sediment delivery was
concentrated into few months or years. Catchments with low
inter- annual time compression of rainfall, run-off and SY
had very high soil loss, high sediment connectivity, and low
run-off and sediment production thresholds, which were
independent of rainfall and run-off variability. Long-term
grasslands, forests, irrigated winter pastures, and terracing
decreased SY volumes and reduce catchment sediment
response. Therefore, surface cover (e.g. reforestation) and
sediment connectivity management (terraces, sediment traps
and water harvesting tillage) are recommended in order to
decrease SY and reduce catchment sediment response for
catchments with very high soil loss. However, our analysis
showed that current management failed to target many of
the largest SY events. Successful reduction of SY will require
spatially and temporally adjusted management practices.
Further experimental and modelling studies on the impact of
spatially and temporally adjusted management practices
under extreme events conditions would be needed for
improving soil conservation strategies. Advantages of
combining intra-annual SY, seasonality and time
compression analyses include: (i) improved regional erosion
hotspot detection, (ii) proper identification of important
periods for SY management, and (iii) accurate estimation SY
monthly magnitudes to which SY reduction management
should be adjusted.
Application of the method proposed here could facilitate
the required adjustment of soil conservation techniques
(Larson et al., 1997), and would be especially beneficial in
regions with limited financial resources or where agricultural
soil protection is most crucial (de la Rosa et al., 2000).
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Soil degradation by water is a serious environmental problem worldwide, with speciﬁc climatic factors being the
major causes. We investigated the relationships between synoptic atmospheric patterns (i.e. weather types, WTs)
and runoﬀ, erosion and sediment yield throughout the Mediterranean basin by analyzing a large database of
natural rainfall events at 68 research sites in 9 countries. Principal Component Analysis (PCA) was used to
identify spatial relationships of the diﬀerent WTs including three hydro-sedimentary variables: rainfall, runoﬀ,
and sediment yield (SY, used to refer to both soil erosion measured at plot scale and sediment yield registered at
catchment scale). The results indicated 4 spatial classes of rainfall and runoﬀ: (a) northern sites dependent on
North (N) and North West (NW) ﬂows; (b) eastern sites dependent on E and NE ﬂows; (c) southern sites dependent on S and SE ﬂows; and, ﬁnally, (d) western sites dependent on W and SW ﬂows. Conversely, three
spatial classes are identiﬁed for SY characterized by: (a) N and NE ﬂows in northern sites (b) E ﬂows in eastern
sites, and (c) W and SW ﬂows in western sites. Most of the rainfall, runoﬀ and SY occurred during a small number
of daily events, and just a few WTs accounted for large percentages of the total. Our results conﬁrm that
characterization by WT improves understanding of the general conditions under which runoﬀ and SY occur, and
provides useful information for understanding the spatial variability of runoﬀ, and SY throughout the
Mediterranean basin. The approach used here could be useful to aid of the design of regional water management
and soil conservation measures.

Keywords:
Synoptic weather types
Erosion
Sediment yield
Runoﬀ
Mediterranean basin

1. Introduction

climate has high spatial and temporal variability, with extremely intense rainstorms that can increase soil erosion and sediment availability. Third, human activities further compromise the vulnerability of
these landscapes (Grove and Rackham, 2003; García-Ruiz et al., 2013).
Therefore, identifying the environmental factors that control the spatial
and temporal patterns of rainfall, runoﬀ, erosion and sediment yield in
Mediterranean regions is important for designing eﬀective regional
water and soil conservation measures.
There has been extensive research on soil erosion throughout the
Mediterranean basin in the past 3 decades (Kosmas et al., 1997; GarcíaRuiz et al., 2013). This research has examined study sites with diﬀerent
physiographic features, soil types, land uses and cover management
practices on diﬀerent spatial scales (Gallart et al., 2013; Nadal-Romero
et al., 2013). Most studies conclude that seasonal rainfall regimes
(climate conditions) control runoﬀ, soil erosion and sediment transport
(García-Ruiz et al., 2013), and that a small number of annual events are
usually responsible for soil erosion (González-Hidalgo et al., 2007).

General climatic conditions, particularly precipitation, are one of
the most important factors that trigger soil degradation. The seminal
paper of Langbein and Schumm (1958) identiﬁed a complex non-linear
relationship of speciﬁc sediment yield with annual precipitation, based
on the link between moisture conditions and plant cover. Thus, a rapid
rise in sediment yield occurs with increasing rainfall in regions that
have an annual rainfall of 100–500 mm and little protection by vegetation. In contrast, if the mean annual precipitation is greater, the
presence of a dense plant cover decreases sediment yield. Further examination of this relationship by Walling and Kleo (1979) showed that
the Mediterranean climatic zone, together with monsoonal and semiarid areas, is especially vulnerable to soil degradation and water erosion. They proposed several explanations. First, the mean annual precipitation in Mediterranean regions is relatively low, and this leads to
dispersed or low-density plant cover. Second, the Mediterranean
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climate and many connected processes. However, information on the
relationships of diﬀerent WTs with runoﬀ, soil erosion, and sediment
yield is scarce.
Wilby et al. (1997) found that historical changes in the frequency of
winter cyclonic WTs could account for a signiﬁcant proportion of the
variation in sediment yield in rivers of the United Kingdom. In addition,
Foster and Lees (1999) found that long-term trends in sediment yield of
large catchments in the United Kingdom were linked to changes in the
occurrence of speciﬁc WTs. In northwest Spain, Fernández-Raga et al.
(2010) concluded that WTs with a western component produced most
of the precipitation with high kinetic energy. Recently, Tylkowski
(2017) and Montreuil et al. (2016, 2017) analyzed coastal erosion in
the Polish Baltic and Belgian coasts, respectively, concluding that only a
few atmospheric conditions are responsible for heavy storm surge and
large percentages of coastal erosion. All of these studies indicate that
research into WTs holds great promise for ﬁnding the relationship between geomorphological processes and speciﬁc atmospheric patterns.
The main objective of this research was to analyze the relationships
between rainfall, runoﬀ, soil erosion, and sediment yield (SY, hereafter
used to refer both to soil erosion measured at plot scale and sediment
yield registered at catchment scale) with WTs throughout the
Mediterranean basin. We compiled the most complete database for the
area containing information on rainfall, runoﬀ, and SY at high temporal
resolution (event scale) from experimental plots and catchments. This
study aims to progress beyond previous analyses by Nadal-Romero et al.
(2014, 2015), and to pioneer the use of collective eﬀorts aimed at understanding hydrological and erosion dynamics in the Mediterranean
region (Merheb et al., 2016; Taguas et al., 2017).

Likewise, the majority of the sediment load in Mediterranean rivers is
also carried in a small fraction of the time, clearly inﬂuenced by the
availability of sediment (i.e. López-Tarazón et al., 2010). However,
there has been no synthetic analysis of how climate conditions inﬂuence runoﬀ, soil erosion and sediment yield across the Mediterranean
basin.
Previous studies in the Mediterranean basin have examined the
spatial and temporal distribution of precipitation deﬁning the weather
conditions under which they occur, also named weather types (WTs)
(Ramos et al., 2015). This integrative approach is a well-established
methodology, using daily synoptic conditions according to the surface
pressure ﬁeld and identiﬁes the main direction of surface wind. Thus,
each WT compiles daily information on the various origins and characteristics of air masses responsible for generating rainfall and runoﬀ
leading to erosion and sediment yield.
There have been several climate studies analyzing the relationships
of WTs to diﬀerent climate phenomena, such as teleconnection indices
(Navarro-Serrano and López-Moreno, 2017), spatial distribution of
precipitation (Fernández-González et al., 2011; Hidalgo-Muñoz et al.,
2011; Cortesi et al., 2014; Fernández-Raga et al., 2016), and temperature (Peña-Angulo et al., 2016). Other studies have examined the link
between WTs and natural hazards, such as landslides, ﬂoods and hydrological droughts (Messeri et al., 2015; Teale et al., 2017), and the
distribution and occurrence of forest ﬁres (Trigo et al., 2016; Ruﬀault
et al., 2016, 2017; Rodrigues et al., 2019). Other research has examined
the relationships of WTs with atmospheric contaminants, human health
and pathologies (Santurtún et al., 2014; Royé et al., 2016; Liao et al.,
2017), and air quality (Collaud-Coen et al., 2011). Therefore, the WT
has been proved a useful tool in understanding the relationship between

Fig. 1. a) Locations of study sites (plots and catchments) within the Mediterranean basin; b) Grid points from the National Center for Atmospheric Research (NCAR)
data set (SLP NCEP-NCAR).
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Name

Agia Varvara
Aisa
Aixola
Albaladejito
Añarbe

Araguás

Aranjuez
Abanilla
Ardal
Arnas
Avgeniki
Bardenas Norte
Bardenas Sur
Barrendiola

Burete
Can Revull
Cannata
Carrasquero
Ceguera
Casal das Hortas

Corbeira
El Cautivo

Idanha

Kamech

La Conchuela
La Concordia
La Parrilla
La Puebla
La Tejeria
Lanaja
Lascuarre
Latxaga
Laval
Malaga
Marchamalo
Masse
Mediana
Mesara
Morille

Moulin

Country

Greece
Spain
Spain
Spain
Spain

Spain

Spain
Spain
Spain
Spain
Greece
Spain
Spain
Spain

Spain
Spain
Italy
Spain
Spain
Portugal

Spain
Spain
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Portugal

Tunisia

Spain
Spain
Spain
Spain
Spain
Spain
Spain
Spain
France
Spain
Spain
Italy
Spain
Greece
Spain

France

44.1406

37.8178
39.7500
37.7333
41.6645
42.7363
41.7797
42.2066
42.7854
44.1406
36.8001
40.6822
42.9928
41.4534
35.0833
40.8315

36.8773

39.8467

43.2181
37.0027

38.0500
39.5500
37.8833
42.3112
42.2386
40.1886

40.0798
38.1994
38.0741
42.6430
35.1911
42.1677
42.1550
43.0026

42.5958

35.1433
42.6744
43.1529
40.0762
43.2255

Lat.

Location

Catch.
Catch.
Catch.

−8.2285
−2.4404

−7.1667

5.6392

Catch.

Catch.
Plots
Catch.
Plots
Catch.
Plots
Catch.
Catch.
Catch.
Plots
Plots
Plots
Plots
Catch.
Catch.

Plots
Catch.
Catch.
Catch.
Catch.
Catch.

−1.7667
3.1011
14.7666
0.5327
0.5109
−8.4619

−4.8958
−0.7167
−5.1500
−0.7239
−1.9492
−0.2889
0.4977
−1.4364
5.6392
−3.8492
−3.2147
11.7089
−0.7158
25.3800
−5.7053

Plots
Plots
Plots
Catch.
Plots
Plots
Plots
Catch.

−3.5250
−1.0917
−1.5383
−0.5847
25.0222
−1.4547
−1.4191
−2.3509

Catch.

Catch.

−0.6208

10.8753

Plots
Plots
Catch.
Plots
Catch.

24.9894
−0.6119
−2.5014
−2.1957
−1.8498

Long.

Scale

1988

2006
1995
2010
1991
2000
1991
2007
2003
1985
2011
1994
2008
1991
2012
2002

2005

2010

2005
1992

2006
2004
1996
2007
2007
2011

1994
1988
1989
1999
2008
1993
1993
2003

2005

2008
1995
2003
1994
2003

Start
period

2003

2011
2012
2013
2003
2014
2004
2009
2014
2014
2013
1997
2015
2004
2015
2010

2012

2015

2014
2014

2011
2007
2006
2009
2009
2013

1997
1992
2000
2009
2010
2004
2004
2004

2015

2011
2010
2008
1997
2005

End period

Study period

16

6
18
4
13
15
14
3
12
30
3
4
8
14
4
9

8

6

10
23

6
4
11
3
3
4

4
5
12
11
3
12
12
2

11

4
16
6
4
4

Length of the
dataset (years)

149

185
203
74
187
177
163
32
189
465
23
48
78
137
250
88

167

27

651
134

142
19
169
24
30
9

38
40
146
96
92
118
89
25

360

111
637
222
28
18

Number of rainfall
recorded events

Badlands

Cereal and pastures
Open shrubland
Cereal, shrubland and abandoned land
Abandoned sloping ﬁelds with shrubs and forest
Olives orchards
Badlands
Badlands
Autochthonous vegetation (F. sylvatica, Q. robur or Q. petraea)
and reforested (P. radiata. P. nigra or Larix decidua)
Forest
Rainfed herbaceous crops, rainfed tree crops and forests
Rangeland and cereal
Forest, grassland, shrubland, agricultural lands
Forest, grassland, shrubland
Permanent crops, rangeland, pastures, forest (74%), urban
(16%)
Forest, pasture, cultivated land, impervious area
Low-intensity hunting and cereals farming associated to
hunting; hiking
Oak and cork trees (young forest), wheat, maize, sorghum,
meadow
Cropland (mainly cereal crops occasionally rotated with
leguminous crops); Mediterranean shrubland, dwellings, gully
and grazing
Conventional tillage
Forest
Irrigated annual crops
Badlands
Winter cereals (wheat and barley)
Badlands
Forest, shrubland, agricultural lands
Winter cereals (wheat and barley)
Badlands
Shrubland
Cereal and pastures
Bare and seeding bed
Badlands
Olives, vines, citrus fruit and vegetables
Open forest

Pastures
Cereal, shrubland, crop abandonment, meadows
Mostly reforested with Pinus radiata
Cereal and pastures
Reforested and mature P. nigra in the lower part and
autochthonous (Quercus robur and Fagus sylvatica) in the upper
part
Badlands, reforested (P. nigra and P. sylvestris), meadows

Land cover

Table 1
Location, period of data collection, length of the dataset (in years) and other characteristics of the study sites included in the database.

(continued on next page)

Gómez et al. (2014)
Gimeno-García et al. (2007)
Cid et al. (2016)
Desir et al. (1995)
Casalí et al. (2008)
Sirvent et al. (1997)
López-Tarazón et al. (2012)
Casalí et al. (2008)
Cambon et al. (2015)
Martínez-Murillo et al. (2016)
Bienes et al. (2001, 2005)
Todisco et al. (2012)
Desir et al. (1995)
Varouchakis (2016)
Hernández-Santana and
Martínez-Fernández (2008)
Cambon et al. (2015)

Inoubli et al. (2016)

Canatario-Duarte (2011)

Rodríguez-Blanco et al. (2013)
Cantón et al. (2001)

Martínez-Mena et al. (2008)
Estrany et al. (2009a)
Licciardello et al. (2019)
López-Tarazón et al. (2012)
Brosinsky et al. (2014)
Ferreira et al. (2016)

Nadal-Romero and Regüés
(2010)
Bienes et al. (2001, 2005)
Díaz et al. (1997)
Romero-Díaz et al. (1999)
Lana-Renault et al. (2011)
Kairis et al. (2013)
Desir and Marín (2007)
Desir and Marín (2007)
Zabaleta et al. (2007)

Kairis et al. (2015)
Nadal-Romero et al. (2013)
Zabaleta et al. (2007)
Bienes et al. (2001, 2005)
Zabaleta et al. (2007)

Reference
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Name

Munilla

Oskotz
Porta Coeli
Puente Genil
Rinconada

Roujan
Santomera
Sa Vall

La Barranca de los
Pinos
Setenil
Sicilia Agata
Sparacia
Slovenian Istria
Venta Olivo
Venta Olivo plot
Vernega Bosc
Vernega Campas
Villacarli
Villamor

Rheraya
Navalón
Almáchar
Ca L'Isard
Can Vila
Utrillas
Parapuños

Montnegre
Israel

Country

Spain

Spain
Spain
Spain
Spain

France
Spain
Spain

Spain

Spain
Italy
Italy
Slovenia
Spain
Spain
Spain
Spain
Spain
Spain

Morocco
Spain
Spain
Spain
Spain
Spain
Spain

Spain
Israel

Table 1 (continued)

394

41.7000
32.75631

31.2000
38.9166
36.8000
42.1934
42.1981
40.796231
39.6105

36.8736
37.6547
37.6366
45.4982
38.3544
38.3833
41.8772
41.8738
42.3489
41.2457

41.1582

43.4917
38.2700
39.6386

42.9584
39.6590
37.4128
40.6020

42.1912

Lat.

Location

Catch.
Plots
Plots
Plots
Catch.
Plots
Catch.
Catch.
Catch.
Catch.
Plots
Plots
Plots
Catch.
Catch.
Plots
Catch.

−5.1269
12.9853
13.7658
13.7983
−1.5194
−1.1667
2.9325
2.9213
0.5540
−5.5839

−7.9300
−0.8333
−4.2167
1.8232
1.8234
−0.839938
−6.1333
Catch.
Plots

Catch.

−3.8086

2.5666
35.019918

Catch.
Plots
Catch.

Catch.
Plots
Catch.
Catch.

−1.7792
−0.4890
−4.8383
−6.6153

3.3213
−1.1167
3.1766

2012

Catch.

−2.2908

1998
2006

2003
2004
2014
2005
2005
2005
2001

2005
2014
2002
2005
1997
2001
1993
1993
2006
2002

2010

1992
1989
2004

2003
1988
2005
2000

Start
period

2002
2007

2009
2014
2015
2012
2012
2006
2015

2011
2014
2015
2006
2011
2008
2011
2011
2008
2010

2010

2015
2002
2006

2014
2012
2011
2010

2015

End period

Study period

Long.

Scale

4
2

7
11
2
8
8
2
15

7
1
14
2
15
8
19
19
3
9

1

24
14
3

10
25
7
11

4

Length of the
dataset (years)

77
24

15
470
13
55
93
24
161

121
11
210
52
108
161
44
44
20
87

13

410
283
77

416
240
93
331

17

Number of rainfall
recorded events

Forest
Natural recovery of post ﬁre Mediterranean maquis

Rangeland (stones cover and vegetation cover)
Cultivated area
Conventional sloping vineyards
Forest, meadows, sparse vegetation, rocky outcrop, badlands
Forest, meadows, sparse vegetation, rocky outcrop, badlands
Reclaimed mining slopes
Dehesa

Olive orchard
Bare soil
Bare soil
Badlands, bare soil (in an olive grove), meadow, forest
Shrubland
Shrubland
Forest
Agricultural practices
Forest, grassland, shrubland, badlands
Cereal

Vineyards and cereals crops, orchards, mediterranean shrubland
Forest
Rainfed tree crops, rainfed herbaceous crops, forests, irrigated
crops
Badlands, forest and pastures

Abandoned terraces with herbaceous vegetation and sparse
shrubland
61% Forest and 39% pasture
Forest land
Olive orchard
Dense forest

Land cover

Taguas et al. (2015)
Novara et al. (2016)
Bagarello et al. (2013)
Zorn (2009)
Castillo et al. (2003)
Boix-Fayos et al. (2007)
Outeiro et al. (2010)
Outeiro et al. (2010)
López-Tarazón et al. (2012)
Martínez Fernández et al.
(2012)
Simonneaux et al. (2015)
Cerdà et al. (2017)
Rodrigo-Comino et al. (2017)
Latron et al. (2009)
Latron et al. (2010)
Moreno-de las Heras et al. 2010
Schnabel and Gómez Gutiérrez
(2013)
Bernal and Sabater (2012)
Wittenberg et al. (2014)

Lucía et al. (2011)

Casalí et al. (2010)
Andreu et al. (2001)
Taguas et al. (2013)
Hernández-Santana and
Martínez-Fernández (2008)
Raclot et al. (2009)
Martínez-Mena et al. (2002)
Estrany et al. (2009b)

Lana-Renault et al. (2018)

Reference
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2. Materials and methods

2.2. Database analysis

2.1. Database creation

The analysis of WTs was performed across the Mediterranean basin
according to the NCEP Re-analysis grid resolution, and ﬁnal WT classiﬁcation was assigned to the diﬀerent local study sites, depending on
their location (see Fig. 1b). The rainfall, runoﬀ, and SY were related to
the daily WTs estimated in each site. In that respect, WT evaluation is
spatially independent, but based on sea level pressure data from NCEP
Re-analysis (i.e. the same day can be classiﬁed as northerly or southerly
WTs in diﬀerent study sites). Each of the 22,458 daily events was associated with a WT type for individual sites. For each site, the percentage of total rainfall, runoﬀ and SY produced under each WT was
estimated. A Principal Component Analysis (PCA) was used to summarize and classify these data (Everitt and Horton, 2011). The 8 directional WTs were considered as variables, and the percentages of
rainfall, runoﬀ, and SY associated with each WT at each site were
considered observations (Cyclonic (C) and Anticyclonic (A) WTs were
discarded from the PCA analysis which was based only on directional
WTs). Each PC was selected according to the percentage of the total
variance explained, and interpreted from its correlation with the different WTs. The results of the PCA established spatial patterns of
rainfall, runoﬀ and SY and their relationships with WTs in the Mediterranean basin (based on the loadings from the PCA). All statistical
analyses were carried out using R software (R, version 3.2.3) (R
Development Team Core 2013). The results were divided into four subsections describing the relationship of WTs with rainfall, runoﬀ and SY.
In each sub-section, the spatial distribution of the association of WTs
with hydro-sedimentary variables was determined, with grouping into
classes deﬁned by the PCA results. For each distribution class, three
representative study sites were selected to show the total distribution of
WTs (including A and C). Detailed results for the 68 sites examined in
this study are provided as Supplementary Material (Figs. 9–19). At the
end of the results section, we present 6 examples showing the relationships of daily WTs with rainfall, runoﬀ, and SY at speciﬁc sites
(synoptic situations).

2.1.1. Rainfall, runoﬀ and sediment yield
A database of rainfall events with hydrological and SY information
was compiled from a network of experimental plots and catchments
(< 50 km2) throughout the Mediterranean basin. This information was
collected by research groups from several universities and research
institutes, with most ﬁnancial support provided by the European
Commission, with further aid from national and regional governments.
The data set included information from 68 sites, 28 experimental plots
and 40 catchments, referenced to 182 case studies, and from 9 countries: Morocco, Portugal, Spain, France, Italy, Tunisia, Slovenia, Greece
and Israel (Fig. 1a and Fig. 7 in Supplementary Material). The number
of study sites varied greatly among countries, and most of the data came
from Spain. In total, 22,458 rainfall events between 1985 and 2015
were entered in the database. Fifty-seven of the study sites (84%) had
data on SY.
The datasets for each site diﬀered in the duration of the record (1 to
29 years), the size of the study area (a few m2 to 50 km2), and land use
and land cover (Table 1). 62% of the datasets included records for more
than 5 years, and 41% for 10 years or more. Only 10% of the datasets
covered less than 3 years. Likewise, 67% contained over 50 events, and
50% more than 100 events. Therefore, an inter-comparison of diﬀerent
time periods, from 1988 to 2015 (Table 1), was performed to gain a
broad assessment of Mediterranean environmental characteristics. This
is similar to the procedures of previous research that examined these
global characteristics (García-Ruiz et al., 2015; Panagos et al., 2017).

2.1.2. Weather types
The classiﬁcation of daily WTs over the Mediterranean region relies
on the daily sea level pressure dataset from NCEP/NCAR 40-year
Reanalysis Project (Kalnay et al., 1996) for the period 1985–2015. We
used the WT classiﬁcation proposed by Jenkinson and Collison (1977),
based on the original work of Lamb (1972), and an approach suggested
by Jones et al. (1993) and Trigo and DaCamara (2000). Brieﬂy, for each
grid cell and daily record, a WT is calculated by a set of indices that take
into account the direction and vorticity of the geostrophic ﬂow of the
nearest 22 NCAR pressure points. The result (i.e. the WT for day n) is
then assigned to the study site according to location (Fig. 1b).
In the present research, the 26 WTs of the original classiﬁcation
were aggregated into 10 types, by combining the original, pure directional, and hybrid types: Anticyclonic (A) and Cyclonic (C), and 8 directional types, North (N), Northeast (NE), East (E), Southeast (SE),
South (S), Southwest (SW), West (W) and Northwest (NW).

3. Results
The PCA analysis showed the location of the 8 directional WTs in
the factor space for rainfall, runoﬀ and SY (Fig. 2). For rainfall and
runoﬀ data, all study cases clearly separate these WTs, but groups of
WTs were not as strongly deﬁned for the SY data. Fig. 8 of the
Supplementary Material shows the distribution of the diﬀerent study
sites in the factor space.
3.1. Rainfall classes
PC1 accounted for 40% of the total variance, and had signiﬁcant

Fig. 2. PCA components for rainfall, runoﬀ and sediment yield.
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Fig. 3. Spatial distribution of the relationship of rainfall with WTs in the Mediterranean basin, indicating the presence of 4 classes: northern (class 1), eastern (class
2), western (class 3), and southern (class 4). The total frequency of rainfall events associated with diﬀerent WTs is shown for 3 representative locations in each class.
Northern sites: Barrendiola, Augeniki, Marchamalo; Eastern sites: Abanilla, Slovenia, Porta Coeli; Western sites: Israel, Corbeira, Araguás; Southern sites: Laval,
Vernega Bosc, Almachar. Please note, that diﬀerent scales are included.
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large amount of runoﬀ (Supplementary Fig. 16). The sites in this class
were in the western Mediterranean (Atlantic sites), and in Andalusia,
the Pyrenees, Sicily, Crete and Israel, similar to the pattern for the third
rainfall class (Fig. 4).
The S and SE WTs accounted for 33% of total runoﬀ (Table 2) in the
fourth class (n = 12), and up to 50% in Roujan (France), Venergà, and
Almachar (Spain) (Table 3 and Fig. 4). However, the contribution of the
predominant WTs varied greatly among sites (coeﬃcient of variation:
68%). The spatial distribution of sites in this class was similar to that of
the fourth rainfall class: southern and northern sites of the IP and
central Italy (Fig. 4).

positive correlations with E and NE WTs, and signiﬁcant negative correlations with W and SW WTs. PC2 accounted for 19% of the total
variance, and showed signiﬁcant positive correlations with the N and
NW WTs, and signiﬁcant negative ones with the S and SE WTs. The
contribution of the directional WTs to total rainfall diﬀered notably
among sites (Table 3 in the Supplementary Material). Thus, we grouped
the study sites into 4 classes based on their distribution in the PCA
plane (Fig. 3).
The ﬁrst class encompassed sites with predominantly NW and N
WTs (n = 17). In most of these sites, these 2 WTs accounted for more
than 25% of total rainfall (mean: 31.2%, Table 2), and for more than
45% of rainfall for Añarbe and Latxaga (Spain) (Table 3 in the
Supplementary Material and Fig. 3). This class included sites in the
Basque Country and Navarre regions of northern Spain, as well as those
in the Ebro Valley and Pre-Pyrenees (Spain), northeastern Tunisia, Sicily (Italy), and Crete (Greece).
The second class contained sites with predominantly E and NE WTs
(n = 21), which accounted for 44% of total rainfall (Table 2). In some
of the sites of this class, these WTs produced more than 55% of the total
rainfall (e.g. Abanilla in Spain and Slovenian Istria) (Table 3 and Fig. 3).
The sites were located along the Spanish Mediterranean coast, Morocco,
and Slovenia (Fig. 3).
The third class included those sites in which rainfall was dominated
by W and SW WTs (n = 22), accounting for 43% of total rainfall
(Table 2). In some cases, such as Idanha (Portugal), these WTs produced
up to 70% of the total rainfall (Table 3). Most of the sites in this class
were on the western side of the Mediterranean basin (Atlantic sites),
Andalusia and the Central Pyrenees (Spain), the Italian Peninsula and
Sicily (Italy), Crete (Greece) and Israel (Fig. 3).
The fourth class was a speciﬁc area in which most rainfall was associated with S and SE WTs (n = 8; Fig. 3). The S and SE WTs accounted
for more than 40% of the total rainfall (Table 2), with greater inﬂuence
from southerly ﬂows. Most of the southern sites were around the Gulf of
Lion (Spain and France) (Fig. 3).

3.3. Erosion and sediment yield classes (SY)
PC1 accounted for 33% of the total variance and had signiﬁcant
positive correlations with the N and NE WTs, and signiﬁcant negative
ones with the W and SW WTs. PC2 was responsible for 21% of the total
variance, and had a signiﬁcant positive correlation with the E WT.
Notably, the SY classes had higher variability than those for rainfall and
runoﬀ (Fig. 5 and Table 2). We grouped the study sites into 3 classes
based on their distribution on the PCA plane (Fig. 2c).
The N and NE WTs accounted for 48.6% of the total SY in the ﬁrst
class (n = 17, Table 2). In addition, the NE WT comprised more than
90% of the total SY at the Moroccan site (Rheraya), and both WTs
amounted to approximately 40% of the total SY in all cases (Table 2).
The sites in this class were in Morocco, the eastern IP (including Mallorca), Sicily (Italy) and Crete (Greece) (Fig. 5).
The E WT accounted for 25% of the total SY in the second class
(n = 16), but this rose to 50% in El Cautivo, Abanilla, Ardal, Santomera
and Venta del Olivo (all on the south-east Spanish Mediterranean coast)
(Fig. 5). In addition, the C WT had a strong inﬂuence in 3 cases (Malaga, Burete, and Porta Coeli in Spain, Fig. 5). These sites were in the
eastern IP (Fig. 5), Slovenia, Tunisia and Italy.
The W and SW WTs accounted for 40% of SY in the third class
(n = 24), and 60–80% in the most western Mediterranean sites
(Portugal and Galicia [Spain], Table 3 and Fig. 5). These 2 WTs caused
approximately 40% of the total SY in Israel.

3.2. Runoﬀ classes
PC1 accounted for 32% of the total variance, and had signiﬁcant
positive correlations with the E and NE WTs, and signiﬁcant negative
correlations with the W and SW WTs. PC2 comprised 19% of the total
variance, and showed signiﬁcant positive correlations with the N and
NW WTs, and signiﬁcant negative ones with the S and SE WTs. The
contribution of runoﬀ diﬀered among sites and WTs (Table 3 in the
Supplementary Material). We grouped the study sites into 4 classes
based on their distribution in the PCA plane (Fig. 4). Notably, the sites
included in each runoﬀ class were not necessarily coincident with those
in each rainfall class, but spatial distributions were similar.
The NW and N WTs accounted for almost 40% of total runoﬀ
(n = 16) (Table 2), and up to 55% in some cases (e.g. Latxaga and
Barrendiola in Spain; Fig. 4 and Table 3). Locally, and only at 3 sites,
the C WT had a strong inﬂuence (e.g. almost 40% in Avgeniki, Greece;
Fig. 4). The spatial distribution of sites in this class was similar to that of
the ﬁrst rainfall class: northern Spain (Basque Country and Navarre),
some sites in the central Iberian Peninsula (IP), Málaga, Tunisia, Sicily
(Italy) and Crete (Greece) (Fig. 4).
The E and NE WTs accounted for about 45% of total runoﬀ in the
second class (n = 21), and up to 70% in some cases (e.g. Montnegre,
Albaladejito and Abanilla in Spain; Table 3 and Fig. 4). The spatial
distribution of the sites in this class was similar to that of the second
rainfall class: the Mediterranean coast of the IP, Morocco and Slovenia
(Figs. 3 and 4).
The W and SW WTs accounted for 52% of total runoﬀ in the third
class (n = 18, Table 2), and more than 75% in Rinconada, Villamor and
Coimbra (Table 3 in the Supplementary Material). These 2 WTs produced more than 40% of total runoﬀ in most sites, with the exception of
Mesara (Greece) and Carrasquero (Spain), where the C WT caused a

3.4. Synoptic patterns
Fig. 6 shows six representative examples of daily atmospheric patterns throughout the Mediterranean basin, obtained from NCEP Reanalysis, and the corresponding WTs of selected sites where an event
was registered on a chosen day.
Fig. 6a presents an event on September 11, 1996, a date when E
ﬂows aﬀected all sites where rainfall, runoﬀ or SY were recorded
Table 2
Relative contributions of the diﬀerent WTs to total rainfall, runoﬀ, and SY at the
diﬀerent study sites (plots and experimental catchments) within each spatial
class, based on PCA analysis.
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PCA classes

Environmental
variables (%)

mean

standard
deviation

Coeﬃcient of
variation

Max

Northern
(NW, N)

rainfall
runoﬀ
SY

31.2
38.6
48.6

11.5
15.6
16.1

37
41
33

51.1
64.7
92.3

Eastern (E,
NE)

rainfall
runoﬀ
SY

43.8
45
25.1

14.7
21.2
21.5

34
47
86

69.0
72.7
60.7

Southern
(SE, S)

rainfall
runoﬀ
SY

42.7
32.9
–

12.1
22.2
–

28
68
–

58.0
82.0
–

Western
(SW, W)

rainfall
runoﬀ
SY

43.3
52.2
40.3

15.2
15.4
19.8

35
30
49

71.9
80
83.1
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Fig. 4. Spatial distribution of the relationship of runoﬀ with WTs in the Mediterranean basin, indicating the presence of 4 classes: northern (class 1), eastern (class 2),
western (class 3), and southern (class 4). The total frequency of runoﬀ events associated with diﬀerent WTs is shown for 3 representative locations in each class.
Northern sites: Barrendiola, Augeniki, Marchamalo; Eastern sites: Abanilla, Slovenia, Porta Coeli; Western sites: Israel, Corbeira, Araguás; Southern sites: Laval,
Vernega Bosc, Almachar. Please note, that diﬀerent scales are included.
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Fig. 5. Spatial distribution of the relationship of sediment yield with WTs in the Mediterranean basin, indicating the presence of 3 classes: northern (class 1), eastern
(class 2), and western (class 3). The total frequency of events producing sediment yield associated with diﬀerent WTs is shown for 3 representative locations in each
class. Northern sites: Barrendiola, Augeniki, Marchamalo; Eastern sites: Abanilla, Slovenia, Porta Coeli; Western sites: Israel, Corbeira, Araguás.

located in the centre of the IP on March 29, 2004, that generated
synchronic responses in the Mediterranean basin. E-NE ﬂows were recorded on the Spanish Mediterranean side (La Concordia, Porta Coeli,
Navalón, and Sa Vall), with SE ﬂows in the Ebro basin (Bárdenas, La
Puebla, Lanaja, and Mediana). On the other hand, the data for Morocco
indicated that the response was due to N/NW ﬂows.
The fourth chart (Fig. 6d), recorded on October 16, 2009, shows the
synoptic conﬁguration related to central and eastern sites of the Mediterranean region, in which a low pressure system between southern

(Albaladejito, La Concordia, El Cautivo and Porta Coeli in Spain), or NE
(Santomera). The isobaric conﬁguration shows a low-pressure system
located between the IP and North Africa, and the resulting predominant
wind directions were east–west and northeast-southwest, accordingly.
The second synoptic chart (Fig. 6b) presents an event on February
19, 2003 and shows a low-pressure system in the northwest of the IP.
The 1010 mb isobar includes the Western Mediterranean, causing W
and S ﬂows in the Gulf of Lion (Roujan and Vernegà).
The third synoptic chart (Fig. 6c) shows a low pressure system
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Fig. 6. Synoptic maps showing sites where an event occurred and WT information for the day and site. a) September 11, 1996, b) February 19, 2003, c) March 29,
2004, d) October 16, 2009, e) February 9, 2010, and d) October 10, 2010.

Italy and Greece produced mostly S WTs in Greece and N/NW ﬂows in
Tunisia.
The ﬁfth chart (Fig. 6e), recorded on February 9, 2010, shows a new
conﬁguration related to the Western Mediterranean basin, in which a
deep low pressure system around the Balearic Sea gave rise to W and S
ﬂows in Tunisia and Sicily.
The last chart (Fig. 6f), recorded on October 10, 2010, shows high
variability. There was a low-pressure system in the IP and the eastern
Mediterranean basin, but not aﬀecting North Africa. Diﬀerent WT
patterns were recorded in many diﬀerent sites. C patterns were observed in the Pyrenees and the Gulf of Lion, such as Araguás, Vernegà,
Ca L’Isard, Can Vila (Spain) and Roujan (France); N WTs were recorded
in Oskotz (Navarre, Spain) and Burete (Murcia, Spain); and W WTs
were observed in the western sites of the IP (Corbeira in Galicia and
Conchuela in Andalucía). There was also an event in the Eastern
Mediterranean (Agia Varvara, Greece), although the synoptic situation
did not allow the classiﬁcation used to determine the S/SE ﬂows in
detail.
Synoptic charts are aﬀected by the synchrony of the recorded data,
and must therefore, be interpreted with caution. However, the charts
shown here indicated that the disturbances associated with low-pressure systems were generally responsible for most responses in the
Mediterranean basin.

4. Discussion
During the last three decades, many studies of experimental plots
and catchments throughout the Mediterranean basin have quantiﬁed
the factors that are most responsible for runoﬀ, soil erosion and SY
(Kosmas et al., 1997). There is now a huge amount of information on
how of these parameters relate to climatic factors, plant cover, land use
and land management practices (García-Ruiz et al., 2008; Taguas and
Gómez, 2015; Rogger et al., 2017); also on the temporal and spatial
variations of these processes (Boix-Fayos et al., 2005, 2006, 2007;
Vanmaercke et al., 2012, 2015; García-Ruiz et al., 2015; Merheb et al.,
2016). In this study, we tried to go beyond these previous studies by
compiling the largest data set available for the Mediterranean basin to
analyze the relationships between daily rainfall, runoﬀ, and SY with
WTs. This was possible only due to the eﬀorts of numerous research
groups from several universities and research institutes in 9 Mediterranean countries, with the Iberian Peninsula being the most widelyrepresented region (Fig. 1 and Fig. 7 Supplementary Material). Most of
the sites are located in Spain while fewer are in France, Italy and other
countries (Morocco, Tunisia, Slovenia, Greece and Israel).
The scarcity of information in central and far east of the
Mediterranean basin did not enable us to conduct a global detailed
analysis, and in that respect, the larger representation of Spanish study
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during an NE ﬂow. These results are similar to those of Pattison and
Lane (2012), who indicated that only 5 WTs accounted for 80% of the
recorded extreme events in the River Eden (United Kingdom). These
results also agree with those of Ramos et al. (2014), who concluded that
a high percentage of monthly rainfall (about 70%) occurred during only
7 WTs. Additionally, studies elsewhere in the world conﬁrmed that a
small number of extreme events generate most rainfall, runoﬀ and SY
(López-Bermúdez, 1990; Martínez-Mena et al., 2001; González-Hidalgo
et al., 2007). Related to these results, changes in the frequency of these
WTs are bound to have a signiﬁcant impact on the hydrological and
erosion response and the export of sediment. These results may provide
an insight into the development of water planning and soil conservation
measures. Over time, the Mediterranean basin has become drier and the
rainfall patterns more erratic. The insights from the present study might
help to evaluate the relationships of atmospheric conditions with
rainfall, runoﬀ and SY around the Mediterranean basin in a context of
global change.
Furthermore, this study shows that the predominance of one WT for
rainfall does not mean that this WT also predominates for runoﬀ or SY
(Table 3 in the Supplementary Material). Indeed, the patterns obtained
suggest that rainfall, runoﬀ and SY had diﬀerent responses to diﬀerent
WTs, probably as a consequence of the non-linear relationships among
these variables, especially for SY events. These results agree with those
of previous studies in Mediterranean areas (López-Tarazón et al., 2010;
Rodríguez-Caballero et al., 2014; Hueso-González et al., 2015), and
illustrate the complexity of water and sediment dynamics. This nonlinearity could be at least partially explained by the availability of
detached material that can be readily eroded, and the existence of
diﬀerent sediment sources, which in turn depend on various processes
(e.g. previous weathering processes and rainfall conditions) inﬂuencing
sediment availability and SY.
The analyzed dataset comprises a wide range of physiographical and
geomorphological conditions (topography, soils, plant cover) and
length of data records (see Table 1). The latter can lead to biased results, because the minimum record length is an issue that has not yet
been resolved in geomorphology studies. Most authors claim that short
temporal series present compressed variance (Kirkby, 1987).
Wischmeier and Smith (1978) stated that “care must be taken to ensure
that the duration is suﬃcient to account for cyclical eﬀects and random
ﬂuctuations in uncontrolled variables whose eﬀects are averaged in the
USLE factor values”. The time frame varies from author to author and
usually is expressed in years (Lane and Kidwell, 2003; Ollesch and
Vacca, 2002). However, González-Hidalgo et al. (2012) suggested including a minimum number of 100 events instead of years to avoid the
eﬀects of maximum erosion events. In the present study, the records
vary between 9 and more than 800 events spanning from 1 to 22 years.
Furthermore, the reliability of the dataset is guaranteed because more
than 67% of the study sites recorded more than 50 events, and 50% of
sites included over 100 events. In this respect, the range of the dataset
ensures the reliability of results and, regardless of the spatial distribution of the study sites, the global conclusions are not aﬀected by the
eﬀect of maximum events. However, a few WTs are responsible for a
high percentage of runoﬀ and SY, varying at spatial level.
Characterization of the relationships of rainfall, runoﬀ, and SY with
WTs is crucial for understanding hydrological and SY dynamics in the
Mediterranean basin. In fact, improving our understanding of hydrology and soil erosion dynamics is a strategic research step, essential
for the development of protection and management policies, with
adaptations to the distinct environments within the Mediterranean
basin. However, we acknowledge that many other environmental factors related to runoﬀ and soil erosion dynamics are outside the scope of
the present study, such as land use/land cover, topography, weathering
dynamics, antecedent conditions such as soil moisture, and the distribution of rainfall and rainfall intensity within storms. We consider
that further research is needed to better understand the relationships of
rainfall, runoﬀ, and SY with WTs. This is particularly important,

sites could be understood as a limitation of the data set. A similar situation occurred to García-Ruiz et al. (2013) who carried out a review
on erosion in Mediterranean landscapes based on more than 650 published studies, from which more than 60% came from Spanish sites.
Nevertheless, we consider that the over-representation of sites in Spain
is counterbalanced by the fact that each one has been analyzed individually and the results not extrapolated to those areas with no or
little data. Notwithstanding this limitation, the present study provides
interesting results, showing clear relationships between WTs and rainfall, runoﬀ, and SY, as well as clear spatial patterns throughout the
Mediterranean basin (each case can be individually analyzed in
Figs. 9–19). Despite the inherent limitations associated with the available dataset, we believe that the spatial patterns emerging from this
analysis are of interest, even more so because they allow for a discussion on the inﬂuence of WTs on the studied variables. Additional data,
especially SY information from the less well-represented regions in the
dataset, would be essential to conﬁrm the extent and inﬂuence of WTs
on the identiﬁed rainfall, runoﬀ, and SY classes.
Recent spatial studies have highlighted the importance of analyzing
the relationships of environmental variables with atmospheric circulation patterns (Ramos et al., 2015). However, there are no previous
global analyses of the eﬀects of atmospheric conditions in the Mediterranean basin on rainfall, runoﬀ and SY. Our analysis allowed representative study sites around the Mediterranean basin to be identiﬁed
according to synoptic weather patterns. Our results show the presence
of 4 homogeneous classes for rainfall and runoﬀ, and 3 classes for SY. In
general, the spatial patterns of the rainfall and runoﬀ classes were similar, with only minor variations. The ﬁrst class (N WTs) covered
mainly the Basque and Navarre sites, some study areas within the
Iberian Peninsula, and others in Italy (Sicily) and Greece (Crete). The
second class (E WTs) mostly corresponded to eastern Spanish Mediterranean sites. The third class (S WTs) contained the fewest sites,
mostly in the Gulf of Lion (Spain and France) and displayed high
variability in the relationships. The fourth class (W WTs) corresponded
to western Mediterranean sites in Portugal and Spain, the Central
Pyrenees and Israel. However, there were only 3 classes for SY: sites
dominated by N and NE WTs, those with E ﬂows, and ones with W and
SW ﬂows. On the other hand, there was greater variability for SY than
rainfall and runoﬀ, probably due to its more diverse and complex
causative factors.
Similar spatial patterns were obtained in diﬀerent studies analyzing
several environmental variables. For example, Gámiz-Fortis et al.
(2011) analyzed the spatial and temporal streamﬂow variability of the
Ebro River Basin (Spain) and its association with large-scale patterns of
atmospheric circulation. These authors identiﬁed 3 spatial patterns: the
Basque-Cantabrian region, the southern-Mediterranean area, and the
Pyrenees. Ramos et al. (2014) studied the relationships between WTs
and daily rainfall in the IP, and identiﬁed four areas: the northern
Cantabrian coastland, the Central-southwest, the Mediterranean coastland, and the Ebro Basin. Nevertheless, rainfall events are not only
linked to synoptic scale atmospheric circulations, as has been demonstrated by various authors in climatological studies (Cortesi et al., 2014;
Peña-Angulo et al., 2016). Local factors, such as convective processes,
orography and distance to the sea, could play a major role in the frequency of rainfall and runoﬀ events and in the extent of spatial patterns. For example, the geographical layout of the main mountain
chains (i.e. Pyrenees, Alps) could be one of the most important factors
promoting the spatial patterns, and could help to establish sharply
delimited areas according to speciﬁc eﬀects from WTs.
PCA groups were found to characterize spatial patterns at
Mediterranean scale, although individual WTs displayed some variations between sites. Consequently, an interesting ﬁnding of our study is
that a high percentage of rainfall, runoﬀ and SY events occurred for a
small number of WTs, representing atmospheric conditions that are
often rare. For example, in Idanha (Portugal) 60.6% of SY occurred
during an SW WT, and in Rheraya (Morocco) 91.3% of SY occurred
401
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led the writing of the paper, with signiﬁcant contributions from all the
other authors.

because a small increase in the frequency of certain WTs may lead to
more frequent events with high runoﬀ volumes and greater SY.
Therefore, future research should focus on: (i) analyzing the temporal
and seasonal variability of the relationships of WTs with diﬀerent
hydro-sedimentary variables, (ii) evaluating extreme events and their
relationships with diﬀerent WTs (Hidalgo-Muñoz et al., 2011), and (iii)
studying the eﬀect of changes in the frequencies of diﬀerent WTs.
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the Mediterranean basin. Moreover, our study indicated that the synoptic WT classiﬁcation can be eﬀectively used to study hydrological
and SY responses in Mediterranean areas, and that this is a valuable
new tool for studies of hydrological responses, soil erosion, and sediment delivery.
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study:
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(i) A small number of WTs are responsible for most rainfall, runoﬀ,
and SY in Mediterranean environments.
(ii) For each site, diﬀerent WTs are associated with the greatest rainfall, runoﬀ, and SY, indicating a non-linear relationship between
these hydro-sedimentary variables.
(iii) There were 4 spatial classes of sites that had similar rainfall and
runoﬀ relationships with WTs: (a) northern sites (including the
Basque country and Navarre in Spain, inland of the Iberian
Peninsula, and some sites in Sicily and Crete), which depend on N
and NW ﬂows; (b) eastern sites (including the eastern Iberian
Peninsula, Morocco, and Slovenia), which depended on E and NE
ﬂows; (c) southern sites (located around the Gulf of Lion but with
high variability) which depended on S and SE ﬂows; and (d)
western sites (from the western Mediterranean to Israel), which
depended on W and SW ﬂows.
(iv) There were 3 spatial classes that had higher variability in SY than
observed for rainfall and runoﬀ: (a) northern sites, characterized
by N and NE ﬂows, (b) eastern sites, characterized by E ﬂows, and
(c) western sites, characterized by W and SW ﬂows.
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Abstract: Increasing our understanding of the main processes acting in small Mediterranean catchments is essential to
planning effective soil and water conservation practices in semi-arid areas. A monitoring program of a Sicilian catchment
started in 1996 and ended in 2006. The factors driving the hydrological response for 170 events with runoff generation
and 46 with sediment production were specified. The catchment response varied greatly over the year. Rainfall intensity
was a poor driver of runoff generation, whereas both the simulations made with the Thornthwaite-Mather water balance
model and hydrograph recession analyses, pointed to the chief importance of wet antecedent conditions and soil saturation processes in runoff generation. The influence of rainfall spatial variability was also examined. SSC-Q relationships,
classified by following their shapes for all sediment production events, suggested that the principal role of small poorly
vegetated hillslope patches was as sediment sources and confirmed the complexity of the hydrological response in this
small Mediterranean catchment.
Keywords: Hydrological response; Mediterranean hydrology; Runoff generation processes; Flood events.
INTRODUCTION
In many semi-arid regions, upland areas are of crucial importance as a source of water that is necessary for the human
life and activities that are mainly concentrated in the drier
downstream areas. The seasonality of the Mediterranean climate means that Mediterranean regions are characterized by
unevenly distributed water resources, which mainly depend on
runoff generated in mountain areas (Latron et al., 2009; Viviroli
and Weingartner, 2004), which are, in addition, highly sensitive
to changes in their environment. On the one hand, land cover
change may seriously affect the hydrological behaviour of
Mediterranean catchments (Licciardello et al., 2017). Vegetation removal following fire increases annual runoff, sediment
yields and flood frequency and magnitude, whereas the development and densification of forest cover, often occurring after
land abandonment, generally leads to a reduction in annual
flows (Nunes et al., 2011). On the other hand, climate change in
Mediterranean areas will have a hydrological impact that needs
to be assessed and for which water management will have to be
adapted (Merheb et al., 2016). Thus, improved understanding of
the hydrology of Mediterranean mountain areas may help to
anticipate the hydrological consequences of both climate and
land cover changes.
In Mediterranean mountain areas, hydrological processes are
widely variable in time and space owing to the great variability
of rainfall and evapotranspirative demand dynamics. The seasonal dynamics of rainfall and evapotranspiration cause high
seasonal variations in soil water content and water table depth,
leading to the marked non-linearity of the rainfall–runoff relationship. Examples of this non-linearity of hydrological response have been described in several studies of Mediterranean
mountain catchments (Latron et al., 2009). Latron et al. (2008)
found that evapotranspirative demand was a factor that introduced most of the non-linearity observed into the monthly
rainfall-runoff relationship of the small Cal Rodó catchment.
High seasonality was also apparent at the event scale, with a
storm-flow coefficient characterized by alternation between wet
and dry periods during the year. This seasonal behaviour was
also seen in the Ciciriello catchment (Cuomo and Guida, 2016).

Here the authors demonstrated experimentally that this behaviour was due to the existence of a typical hydro-geomorphic
threshold system at the event scale, in particular to a steady
addition of water from distinct components, each with originally
different mechanisms of runoff production and response time.
The complexity of Mediterranean hydrological systems also
causes marked variation throughout the year in the dominating
runoff generation processes, which change from season to
season (Latron and Gallart, 2008; Merheb et al., 2016). This
leads to some disagreement among hydrologists on the primary
runoff generation mechanism in Mediterranean areas. Some
studies (Calvo-Cases et al., 2003; Cantón et al., 2011; Gallart et
al., 2008; Martínez-Mena et al., 1998) have argued the traditional perception that the primary runoff generation mechanism
is Hortonian overland flow and showed that saturation mechanisms are also relevant, being dominant in subhumid climates.
Small mountainous catchments comprise both hillslopes,
where the main sediment sources are located, and river channels, where deposition, riverbed erosion and sediment transfer
occur. The interplay between these two compartments is complex and remains largely unknown. In particular, small mountainous Mediterranean catchments are characterized by intermittent river flow coupled with high suspended sediment concentrations transiently reached during events. This leads to
great unpredictability and non-linearity of discharge and sediment concentration relations (Soler et al., 2008; García-Rama et
al., 2016). In this context, the analysis of this relationship allows not only improved calculation of sediment yield, but may
also help in understanding the runoff and sediment production
processes active in these catchments.
Better knowledge of these processes is essential for planning
effective soil and water conservation practices in semi-arid
environments, where accurate runoff and sediment yield predictions are difficult, particularly in the absence of adequate data.
The main objective of this article is to analyse the hydrological factors and processes that control runoff and sediment yield
in a small mountainous Mediterranean catchment. To achieve
this aim, a monitoring program of a Sicilian catchment started
in 1996. More precisely, the present paper aims: 1) to analyse
the hydrological response of the small catchment at different
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temporal scales; 2) to explore to what extent runoff is generated
by rainfall excess or saturation mechanisms; 3) to examine how
the various hydrological factors affect the hydrological response of the catchment; 4) to explore discharge and suspended
sediment concentrations at the event scale, with a view to establishing the relationships between these two variables.
MATERIAL AND METHODS
Study site
The small Cannata catchment is drained by a mountain
stream, ephemeral in flow, tributary of the Flascio River and
located in eastern Sicily (37° 53' 5’’ N, 14° 52’ 48’' E). Climate
is Mediterranean sub-humid with a mean annual precipitation
(1996–2005) of 715 ± 163 mm, mainly falling between October
and January. Mean monthly temperature is between 6°C (January) and 24°C (August). Mean monthly values of Potential
Evapotranspiration are between 22.6 mm (December) and
160.7 mm (July), whereas the annual total is 1001 ± 48 mm.
The catchment covers about 1.3 km2 between 903 m and 1,270
m a.s.l. with an average slope of 21%. The longest pathway is
about 2.4 km, with an average slope of approximately 12%.
Alluvium in the main drainage net is rather coarse and fraction
finer than 2 mm is scarce (<10% for 11 samples).
The Cannata catchment bedrock belongs entirely to the
Monte Soro Flysh unit (lower Cretaceous), which consists of a
thrust system lying between the Numidian Flysh at the base and
the Argille Scagliose Speriori unit. The latter is represented by
a tectonic mélange, within which there are exotic blocks,
formed by clayey quartz-arenite alternations very similar to
those attributed to the Monte Soro unit, from which they can be
distinguished only by geometrical position (ISPRAMBIENTE,
2018).
To characterize the topsoil, eleven field soil samples were
taken on the hydrological network and fifty-seven on the
hillslopes inside the catchment, in the latter starting from the
same point and following three main directions (northeastsouthwest, north-south and northwest-southeast) in a squared
scheme with a side length of 200 m based on the observed
variation in the texture samples (Figure 1). The survey identified the dominant (63%) soil texture in the catchment as clayloam (USDA classification for fine fraction). The rest of the
catchment is characterized as loam (21%), loam-sand (10.5%),
clay (3.5%) and loam-sand-clay (2.0%). The skeleton is between 2.3 and 36.8%. The soil’s saturated hydraulic conductivity (at 10–15 cm of depth), measured with a Guelph permeameter (model 2800, Eijkelkamp, Giesbeek, The Netherlands),
was determined at 0.2 to 17.6 mm h–1. Soil profile is characterized by two main layers, the first of which has a dominant
loam-sand texture (73% of samples) and the second has a prevalent sandy-loam texture. In about 30% of the catchment, located in the upper part of the hydrological network, the soil depth is
from a few centimetres to 0.3 meters. In the rest of the catchment, the soil depth is up to 0.7 m with the exception of about
5% of the catchment where the soil depth reaches 1 m. Some
shrinking cracks are visible in bare soil areas during dry spells.
Land use and ground cover modifications were monitored
every six months at 24 sites within the catchment, using a 1 m2
grid with 0.4 m2 sub-grids. Land use monitoring highlighted the
prevalence of pasture areas (ranging between 87% and 92% of
the catchment area during the observation period) with different
vegetation (up to 15 species) and ground cover. The four dominant soil covers included: (1) high-density herbaceous vegetation (eventually subjected to tillage operations) characterized
by Ranunculus bulbosus, Trifolium stellatum, Trifolium repens
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and Festuca circummediterranea, with a ground cover value in
the observation period between 17% and 86% (mean of 47%);
(2) medium-density herbaceous vegetation characterized by
Dactylis glomerata, Trifolium repens, Cynosoras cristatus and
Hedysaram coronarium, with a ground cover value between
14% and 67% (mean of 36%); (3) sparse shrubs characterized
in the higher layer of vegetation by Crataegus monogyna,
Genista aetnensis, Calicotome infesta, Rabus ulmifolium and
Pyras communis and in the lower layer by the same species as
the high-density herbaceous vegetation, with a ground cover
value in the observation period between 30% and 70% (mean of
50%); and (4) cultivated winter wheat planted at the end of
October and harvested at the end of July with a wheat-fallow
rotation.
The occurrence of overland flow is revealed by a few shallow gullies scattered in mid- and low-slope positions. Most of
these gullies are discontinuous ephemeral forms up to 40 cm
deep, but two larger ones are up to 2 m deep. None of these
gullies is longer than 5 m. Small mass movement features in the
form of shallow slumps are scattered in the basin, particularly
in the margins of incised stream channels.
In the same area and quite close to the hydrological network,
there are some ponds for animal watering (Figure 1).
Additional catchment characteristics and sampling information are reported by Licciardello et al. (2006).
Hydrological measurements
Air temperature, wind, solar radiation and pan evaporation
data were recorded by a weather station located close to the
catchment (A in Figure 1) with a time resolution of 1 h. Rainfall data were collected at three locations close to and within
the Cannata catchment (A, B and C) at 15 s intervals. Flow
levels were recorded right before the confluence with the
Flascio river (D), using a floating hydrometrograph (MECHEL
mod. ID 5755) hydraulically connected to a slow strait created
by a weir. Potential evapotranspiration (PET) was evaluated by
using the equation based on the Penman-Monteith (P-M) method reported by the Food and Agricultural Organization (Allen
et al., 1998). The P-M method is the recommended PET method for the region that includes the Cannata catchment. Actual
evapotranspiration was evaluated by starting from potential
evapotranspiration and taking into account evaporation of rainfall intercepted by the plant canopy as well as amounts of transpiration and sublimation/soil evaporation. This was based on
an approach similar to that of Ritchie (1972), described in detail
in Neitsch et al. (2002).
Suspended sediment concentration was measured by drying
filtered stream samples in the oven at 105°C for at least 48
hours. Stream water was obtained by an automated water sampler (MODUS mod. 201) with bottles of 200 cc which samples
stream water when discharge is above 0.1 m3 s–1, with increasing intervals (between 2 and 30 minutes) in the first 90 minutes
and with constant intervals (30 minutes) until the sixth hour.
Coarse sediment particles (diameter > 2mm) occasionally taken
by the sampler from the channel bottom were excluded from
the calculation. The bedload transport was measured by topographic measurements upstream from the weir for about 10 m
(measured for groups of events up to June 2004). The database
covers a period from October 1996 to March 2006 with some
gaps (Figure 1). Due to the gaps, for some purposes SSY had to
be estimated for erosive events occurring from October 1996 to
March 1997 (observed sediment data started on November
1997, Figure 1) and during December 2002 (2 events occurred
in December 2002).
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Fig. 1. Layout of sub-watersheds and hydrological network in the Cannata watershed, Sicily. Small dots indicate the location of soil
samples. The figure enlargement on the left shows gully formations and small ponds for animal watering. The table shows the recording
periods for the diverse stations.

The following abbreviations will be used for the listed variables in the present paper:
BT Bedload transport (Mg)
I5 Event maximal rainfall intensity in 5 minutes (mm h–1)
I30 Event maximal rainfall intensity in 30 minutes (mm h–1)
NP Number of rainy days with depth > 1 mm (–)
AET Actual evapotranspiration (mm)
PET Potential evapotranspiration (mm)
PF Event peak flow (m3 s–1)
Q
Discharge (m3 s–1)
P
Rainfall depth > 1 mm (mm)
RC Storm runoff coefficient (%)
Ru Runoff (mm)
SSC Suspended sediment concentration (g l–1)
SSY Suspended sediment yield (Mg)
TS Total sediment yield (Mg)
Analysis of hydrological and sediment data
First, basic statistics, water balance and simple correlation
(by using the coefficient of correlation r) of the variables describing the main characteristics of P and Ru depths, I30, RC,
PF, SSY, SSC and BT were analysed at aggregated temporal
scales (annual, monthly and mean monthly scale) and the event
scale. In particular, monthly and annual maximum values of I30
and PF were the highest values by month and year, respectively. The rest of the monthly and annual data was calculated by
adding event data by month and year. Mean monthly data for
all considered variables (cumulative or maximum values) were
obtained by calculating the averages of monthly data, taking the
same month of each year. To analyse the changing behaviour of
the catchment throughout the year, basic statistics and simple
correlation of the variables were analysed all together and by

grouping them in two periods, defining a “wet period” from
December to May and a “dry period” from June to November at
aggregated and event temporal scales. All the relationships
between the main hydrological factors tested were analysed by
using the correlation coefficient after the verification of significance. Rainfall variables used in the paper (when it is not specified) are areal averages calculated by the Thiessen polygons
method, taking the available measurements for each event.
The patterns and variability of the main rainfall characteristics, depth and intensity, were analysed. In particular, the return
period of the P depth and of the I30 was evaluated for all the
events by comparing them with the probability curve of the
Randazzo meteorological station (located 6.7 km from the
Cannata outlet). The curve was implemented by using the
Gumbel distribution (Generalized Extreme Value distribution
Type-I). Frequency distributions of P and Ru depths, I30 and
SSY at event scale were also analysed. Moreover, the spatial
variability of P depth, I30 and I5 among the observations at the
three available pluviographic stations was evaluated by calculating the percentage difference between the values recorded for
most significant events. Events recorded in the three pluviographic stations were categorized in classes of 5 mm of depth
and 5 mm h–1 of intensities and frequencies per each rainfall
class were then calculated. In particular, the comparison was
carried out for events with P depth greater than 15 mm, then for
events with I30 greater than 10 mm h–1, and finally for events
with I5 greater than 25 mm h–1.
Afterwards, when rainfall intensity appeared as a poor driver
of runoff response in the catchment, the likely effect of soil
saturation on runoff generation was investigated by comparing
observed monthly Ru depths with saturation excess water calculated with the Thornthwaite-Mather (T-M) water balance model
(Steenhuis and Van der Molen, 1986; Thornthwaite and
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(1)

where Qt is discharge at time t, Q0 is peak discharge, K is a
recession constant and t is the time since the discharge peak
(hr). Then the recession constants obtained were analysed for
relationships with other hydrological variables and compared
with the constants reported by Dunne (1978) for catchments
with rainfall excess overland flow, saturation overland flow and
subsurface stormflow hydrographs.
Finally, 46 significant events, i.e. those having continuous
data and absence of anomalies in the time series, were selected
for analysing sediment response varying in time. The data,
recorded at different time scales, were used to analyse the relationships between SSC and Q during flood events. The loopshaped curves observed between SSC and Q were used to infer
the sediment availability that derives from the sediment source
areas and/or from possible intermediate sediment deposits
(Williams, 1989). In the clockwise loop, a rapid increase in suspended sediment at the beginning of the flood event is attributed
to the presence of available sediment at the water course. If the
SSC decreases before the falling limb of the hydrograph, the
sediment source areas can be considered limited. In the anticlockwise loop, however, the sediment source areas are mainly
located on hillslopes or at headwaters, and/or the sediment
moves slower than the peak discharge (Gentile et al., 2010).
RESULTS
General patterns and water balance
Over the observation period (October 1996–March 2006),
the mean P pattern showed a contrast between summer with a
low total amount (P = 91 mm) and the other seasons with a
total P amount of 153 mm (spring), 195 mm (winter) and 264
(autumn). Sediment yield followed the same trend, being null in
summer, 8 Mg in spring, 58 Mg in winter and 97 Mg in autumn. During the same period, mean Ru totals had a somewhat
different pattern, with winter the most responsive period (Ru =
72 mm) followed by autumn (54 mm), spring (25 mm) and
summer (Ru = 0 mm).
Mean monthly data of P and NP measured at the Cannata
catchment and long-term monthly mean values of P measured
at the Randazzo station were compared (Figure 2). Monthly
mean P depths during this 10-year period were quite representative of the trend observed in the long term (48 years) in the
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area, although P amounts observed in February, July, August
and October were underestimated in the 10-year period, and
April and December totals were overestimated.
November and December were the months with the highest
mean value of P, while the highest values of Ru depths and SSY
values were in December and January. In particular, during the
observation period the seasonal Ru in autumn ranged from the
minimum (0 mm) to the maximum (195 mm) recorded values.
On the annual scale, wide variability in the main hydrological response variables (Ru, RC, PF, SSC, SSY and BT) can be
observed (coefficient of variation, CV, between 61% for PF
and 131.5% for BT), corresponding to minor variability of P,
NP and I30 (CV up to 37%) (Table 1). The annual RC, in particular, varied from 5.72 to 40%, while annual SSY ranged from
a minimum of 17.6 to 405.9 Mg ha–1. The annual BT in the
observation period was of the same order of magnitude as the
SSY; the statistical parameters calculated at the annual scale
between the two variables were also very similar (Table 1).
The best results of the T-M water balance model (Figure 3)
were obtained by calibration when a soil water-holding capacity
of 224 mm was used. Runoff was simulated as soil saturation
excess when this capacity was reached, resulting in good discrimination of the periods with and without runoff (70%), although the best NS efficiency was only 0.14. The analysis of the
results showed that this poor efficiency was due to the temporal
shifts of two of the months with relevant runoff, November
1996 and December 2002, attributable to the limitations of the
monthly temporal scale. Indeed, on shifting backwards one
month the Ru simulated for these two months, NS efficiency
rose to 0.57 and runoff period discrimination to 99%. Despite
some limitations, the monthly temporal scale was adequate for
describing the variation in water balance over the year in the
Cannata catchment. In particular, the seasonal dynamics of both
P and PET promote different periods during the year (Figure 2).
A dry period occurs during late spring and summer, when low
precipitation and high evapotranspiration losses deplete soil
water to the point that the AET to PET ratio may be lower than
20%. Under these conditions most of the rainfall re-evaporates
and only long or repeated events are able to generate runoff. A
transition period occurs in autumn, as rainfall needs to fill
catchment water reserves before runoff is generated. After the
filling of water reserves, the wet period usually occurs up to
early spring.

Ru (mm), PET (mm), NP (-), Vegetation Cover (%)

Mather, 1955). This conceptual model was selected because it
is based in very few assumptions. Precipitation is stored in the
soil reservoir until the soil water reaches its maximal value (soil
water retention capacity) then the excess water is moved to
runoff. The quotient between actual and potential evapotranspiration grows linearly from 0 to 1 following soil water content from 0 to soil water retention capacity, which is the only
parameter of the model. The optimisation of this parameter was
made using the Nash-Sutcliffe (NS) efficiency criterion (Nash
and Sutcliffe, 1970) to test the quality of the simulations. Tutorials of this model can be found on the Internet
(https://wwwbrr.cr.usgs.gov/projects/SW_MoWS/Thornthwaite
.html). A period consisting of one year with average monthly
precipitation and potential evapotranspiration followed by six
months of real data was used to warm-up the model, thus obtaining adequate simulated initial soil water content.
A further test to investigate the runoff generation processes
was made with the recession limbs of a subset of events without
precipitation after the flow peak, for obtaining the recession constants K following the method recommended by Dunne (1978):

180
200

P

Long term mean Ra

PET

NP

D

Vegetation cover

AET

Fig. 2. Monthly mean values of precipitation depths (P and its
standard deviation), number of rainy days (NRa), potential evapotranspiration (PET), actual evapotranspiration (AET), runoff depths
(Ru) and Vegetation Cover observed at the Cannata watershed
(1996–2006) and long term monthly mean P measured at the
Randazzo pluviometric station.
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Table 1. Summary of annual hydrological records at the Cannata watershed. CV: coefficient of variation, Stdev: standard deviation. *1996
is an incomplete year.
Year/
Statistics
1996*
1997
1998
1999
2000
2001
2002
2003
2004
2005
Median
Average
Stdev
CV%
Min
Max

Precipitation
Depth
(P)
mm
646.6
730.4
537.0
523.0
590.2
621.4
757.0
894.8
724.2
685.2
665.9
671.0
112.3
16.7
523.0
894.8

Rainy days
(NP)
74.0
135.0
118.0
113.0
119.0
115.0
109.0
89.0
96.0
70.0
111.0
103.8
21.0
20.2
70.0
135.0

Max rain
intensity
(I30)
mm h–1
51.8
28.8
21.4
29.1
33.0
26.8
38.8
37.6
61.2
20.6
31.0
34.9
13.0
37.3
20.6
61.2

Runoff depth
(Ru)
mm
134.6
62.3
30.7
104.4
65.5
45.8
73.6
358.1
276.9
213.1
89.0
136.5
110.4
80.9
30.7
358.1

Runoff
coefficient
(RC)
%
20.8
8.5
5.7
20.0
11.1
7.4
9.7
40.0
38.2
31.1
15.5
19.3
13.0
67.7
5.72
40.0

Peak flow
(PF)
m3 s–1
2.4
1.0
0.4
1.4
1.2
0.9
1.1
3.4
2.2
3.3
1.3
1.7
1.0
60.6
0.37
3.4

Susp. sed.
conc.
(SSC)
g l–1
2.1
0.9
0.6
0.5
1.1
0.4
0.7
1.1
0.9
1.5
0.9
1.0
0.5
53.5
0.4
2.1

Susp. sed.
yield
(SSY)
Mg
286.2
56.8
17.6
50.5
73.2
18.7
48.5
405.9
242.4
313.3
65.0
151.3
144.8
95.7
17.6
405.9

Bedload
transport
(BT)
Mg
136.7
29.0
68.4
12.5
70.2
9.0
85.4
550.8
197.3
70.2
128.8
169.4
131.5
9.0
550.8

Fig. 3. Monthly precipitation P and runoff Ru observed and simulated with the T-M model.

Analysis of the response at the annual and monthly scales
As well as the soil water balance and T-M model results analysed above, the effects of the main factors driving the response
at the Cannata catchment were investigated at different temporal
scales by correlations between hydrological variables (Table 2).
The correlation between NP and all the selected hydrological
response variables was negative and significant at the annual
scale, while being positive and always significant at the mean
monthly scale. The fact that the correlation was not always
significant at the monthly scale was attributed to that the years
with few rainfall events generally had a more significant response than those with many events. A clear concentration of
major events into a few months was also seen; about 35% of the
total P and 78% of the total Ru was recorded in just 14% of the
120 months in the study.
Precipitation was a better driver of the Cannata hydrological
response in terms of Ru, RC, PF, SSC and SSY than I30. In
particular, the correlations P-Ru, P-PF and P-SSY always had
significant correlation coefficients equal to or higher than 0.57
at annual, monthly and mean monthly time scales. The fact that
I30 was not a good driver of the hydrological response was
clearly seen at annual, monthly and mean monthly scales by

coefficients of correlation always smaller than 0.51 and frequently non-significant when all the months of the year were
taken together (Table 2). Annual I30 explained 70% of variability on the SSC scale if just the events with runoff higher than 1
mm were included (data not shown). Ru explained somewhat
better than P the variability of the sediment response (Table 2)
at each analysed temporal scale; in this case, months with zero
value of runoff were excluded from the correlation.
The correlation of TS (SSY+BT) with P and with Ru slightly
increased with respect to the correlation with the SSY (r = 0.75
and 0.91 respectively) at the annual and mean monthly scales.
At the monthly scale the correlation decreased because TS data
were collected on a seasonal scale (Table 2).
Given the strong differences in water balance during the
year, the correlations were also tested after dividing the year
into two periods: the wet period from December to May and the
dry period from June to November. After this division, the
correlations driven by P, Ru and I30 generally improved at the
monthly and mean monthly scales.
In particular, the wet period was the one with the strongest
P-Ru relationship (followed by P-SSC and P-SSY), attributable
to the soil being already wet and the evapotranspirative demand
low during this period (Table 2).
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Table 2. Coefficient of correlation between the main hydrological factors at annual, monthly and mean monthly scales in the Cannata
watershed.
Coefficient of correlation, r*

P-Ru
P-RC
P-PF
P-SSC
P-SSY
P-TS

Annual
(n = 10)
0.70
0.55
0.57
0.23
0.63
0.75

NP-P
NP-Ru
NP-RC
NP-PF
NP-SSC
NP-SSY

–0.29
–0.65
–0.70
–0.86
–0.72
–0.84

Ru-RC
Ru-PF
Ru-SSC
Ru-SSY
Ru-TS

0.97
0.88
0.35
0.90
0.91

I30-Ru
I30-RC
I30-PF
I30-SSC
I30-SSY

0.45
0.48
0.28
0.36
0.40

Monthly
(n = 112)
0.69
0.36
0.73
0.66
0.69
0.58
0.60
0.24
0.25
0.32
0.40
0.23
(n = 54**)
0.44
0.87
0.51
0.86
0.81
0.28
–0.20
0.48
0.51
0.50

Monthly wet
(n = 58)
0.82
0.33
0.84
0.72
0.78
0.66
0.33
0.11
0.04
0.17
0.32
0.11
(n = 46**)
0.41
0.90
0.62
0.89
0.83
0.46
–0.12
0.49
0.25
0.50

Monthly dry
(n = 54)
0.58
0.49
0.60
0.58
0.60
0.51

Mean monthly all
(n = 12)
0.74
0.62
0.79
0.64
0.77
0.76

Mean monthly wet
(n = 6)
0.98
0.83
0.96
0.95
0.93
0.91

Mean monthly dry
(n = 6)
0.81
0.81
0.81
0.63
0.72
0.55

0.82
0.28
0.29
0.34
0.41
0.35
(n = 8**)
0.85
0.75
0.60
0.77
0.72

0.80
0.75
0.79
0.51
0.75

0.98
0.89
0.97
0.97
0.93

0.78
0.78
0.76
0.53
0.63

0.69
0.99
0.86
0.91
0.91

0.44
0.99
0.96
0.95
0.95

–
–
–
–

0.45
0.06
0.75
0.70
0.85

–0.27
–0.67
–0.26
–0.01
0.03

0.51
–0.47
0.42
0.52
0.65

–
–
–
–
–

All the correlations are significant at p < 0.05, except those shown in italics.
* Months with no observed runoff were not included when Ru and I30 were used as independent variables

Fig. 4. Mean monthly variation of runoff (Ru), vegetation cover, maximal rainfall intensity in 30 min. (I30), suspended sediment yield
(SSY) and suspended sediment concentration (SSC).

After the division of the data into two periods, I30 was a
better driver of PF, SSC and SSY in the dry period than in the
wet period. This behaviour was attributed mainly to the
relationship between I30 and Ru throughout the year (Figure 4).
In particular, the highest I30 values were observed from May to
October (8.8–16.5 mm h–1), when mean monthly Ru values
were very close to zero, with the exception of October, when
mean monthly SSY actually rose (reaching 18.9 Mg) and SSC
values reached the highest mean monthly value in the year
(3.3 g l–1). The values of both SSY and SSC decreased in
November, linked to decreased I30 and mean monthly Ru
depths still being not very high compared with other months.
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Then, in December and January we had the highest values of
mean monthly SSY (79.2 and 38.6 Mg) and high values of SSC
(1.0 and 1.5 g l–1, respectively) linked to the highest values of
mean monthly Ru depths observed during these months.
February was the month with the lowest values of Ru depth and
I30 of the wet months, when both SSY and SSC reached a
minimum. Starting from this month, vegetation cover might
also affect the SSY and SSC values. In particular, even though
I30 increased in March and April, SSY and SSC did not increase
a lot (6.3 and 6.9 Mg for SSY and 0.40 g l–1 for SSC): vegetation
cover growth might well reduce the role of more water and
energy.
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(expected values for 3 and 5-year return period were 44.34 and
54.0 mm h–1). The combination of high P and I30 resulted in
the highest SSY observed during the observation period (289
Mg for 13/12/2005; 281 Mg for 12/12/2003; 157 Mg for 0809/10/1996).
P, Ru and SSY variables showed skewed distributions, with
many more observation of low magnitude especially for Ru depth
and SSY and especially in the wet period (Table 3). For these two
variables, only a few events had high or very high values.
While the five largest rainfall events represented 18% of the P
accumulated during these ten years, their records represented
around 33% of accumulated Ru and 45% of accumulated SSY.
High spatial variability of the main rainfall characteristics
was found (Table 4). P depth, I30 and I5 values were recorded
for most significant events at the pluviographic stations in the
Cannata catchment. P depth differences, evaluated for events
greater than 15 mm, were up to 46%. I30 and I5 differences,
evaluated for events greater than 10 and 25 mm h–1, respectively, were up to 60%. The events with the highest spatial variability in rainfall depth and intensity occurred during the dry period
(in the months from September to November).
At the event scale, correlation coefficients confirmed and
even clarified some behaviour already noted at aggregated
temporal scales (Table 5). P was a better driver of the overall
hydrological response than I30, which had non-significant
relationships with RC for all the periods, making clear the low
importance of rainfall excess processes in the generation of

The greater rise of the correlation coefficients at the mean
monthly scale than of those at the monthly scale was significant
just for the correlations driven by NP; mean monthly scale
correlations for the dry period were not evaluated because of
few data different from zero (Table 2).
Analysis of the response at the event scale
As explained above, aggregated temporal scales (annual,
monthly and mean monthly) are not sufficient to explain the
hydrological behaviour of the Cannata catchment. Therefore,
the data were also analysed at the event scale.
There were 170 rainfall events with observed Ru higher than
0.03 mm recorded at the Cannata catchment during the monitoring period; just 23 of these events occurred in the dry period
(in October and November) and the rest in the wet period
(Table 3). Most events had a P depth below the expected 2-year
return period for this location; few events showed a P depth
higher than the expected value for the 5-year return period
(03/10/1996; 09/10/1996; 30/11/1996; 05/04/2003); and two
events observed on 12/12/2003 and 13/12/2005 had a P depth
higher than the expected value for a 200-year return period.
Most events had an I30 below the expected value for a 2-year
return period equal to 35.66 mm h–1; few events showed a I30
very close to (19/10/2003; 12/12/2003; 13/12/2005) or higher
(08/10/1996 and 11/10/1996 with a value equal to 51.8 and 37.1
mm h–1) than the expected value for a 2-year return period

Table 3. Summary of the statistics of the variables at the event scale observed at the Cannata watershed (1996–2006) in wet and dry periods as well as all events together. RD: rainfall duration, RUD: runoff duration, N: sample size, Stdev: standard deviation, CV: coefficient of
variation. The other abbreviations are as in Table 1.
Wet period

P
mm

N
events in wet period
Median
Average
Stdev
CV%
Min
Max
Skewness
Dry period

RD
h

146

146

11.5
18.0
23.2
128.6
1.2
200.6
4.9

12.0
14.2
10.1
70.7
0.6
48.7
0.9

mm h

–1

146

RUD

PF

H

3

m /s

mm

%

146

146

146

146

50

2.6
7.8
17.1
220.8
0.0
145.3
5.7

0.3
0.4
0.3
72.1
0.0
1.0
0.7

0.8
1.1
0.9
85.8
0.1
4.9
1.9

8.7
27.2
56.5
207.4
0.6
289.2
4.0

4.8
5.4
4.2
77.8
0.4
15.3
2.4

19.5
26.6
21.8
81.9
4.5
169.5
3.5

0.2
0.4
0.5
136.9
0.0
3.4
3.4

Ru

RC

SSC

SSY

g/l

Mg
50

P

RD

I30

RUD

PF

Ru

RC

SSC

SSY

mm

h

mm h–1

H

m3/s

mm

%

g/l

Mg

23

23

8

9

2.4
6.4
12.6
195.9
0.0
54.0
3.2

0.2
0.2
0.2
94.8
0.0
0.7
1.2

1.4
2.7
3.1
112.5
0.0
9.7
1.6

32.4
33.1
32.1
97.0
0.1
96.6
0.9

N
events in dry period
Median
Average
Stdev
CV%
Min
Max
Skewness

23

23

14.8
22.5
20.0
89.0
2.8
82.4
1.9

7.8
10.3
11.3
109.7
0.4
53.8
2.8

All events

P
mm

N
all events
Median
Average
Stdev
CV%
Min
Max
Skewness

I30

170
12.3
18.3
22.7
124.2
1.2
200.6
4.6

23

23

7.7
13.0
12.1
93.0
2.0
51.8
2.0

13.0
20.4
17.8
87.3
5.5
81.0
2.3

0.2
0.5
0.6
117.7
0.0
2.4
1.4

RD

I30

RUD

PF

Ru

RC

SSC

SSY

h

mm h–1

H

m3/s

mm

%

g/l

Mg

170

170

170

170

170

58

59

4.8
6.5
6.5
100.7
0.4
51.8
3.5

19.3
26.4
22.9
86.7
4.5
169.5
3.3

0.2
0.4
0.5
133.8
0.0
3.4
3.0

2.4
7.5
16.5
219.0
0.0
145.3
5.6

0.9
1.3
1.5
120.6
0.0
9.7
3.5

8.8
27.7
53.0
191.0
0.1
289.2
4.1

170
11.6
13.7
10.3
75.0
0.4
53.8
1.2

23

29.1
33.2
25.0
75.4
0.2
99.3
0.7
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Table 4. Percentage differences between rainfall depths (P), along with 30 and 5-minute intensities (I30 and I5) observed for most significant events at the pluviographic stations in the Cannata watershed (indications of event number and data of the event with the maximum
difference in brackets).
Stations
A-B
A-C
B-C

P [for values>15mm]
46% (42, 28/11/1999)
35% (22, 18/11/2002)
46% (37, 26/11/2003)

Relative differences
I30 [for values>10mm h–1]
60% (18, 19/11/1999)
47% (14, 21/08/2001)
53% (17, 29/09/2003)

Table 5. Correlation coefficients between the main hydrological
factors at the Cannata watershed (1996–2006) at the event scale.
Abbreviations as in Table 1. All the correlations except those in
italics are significant at least at p < 0.05.
Correlation coefficient values at the event scale
Whole period
Wet period
Dry period
P-Ru
0.86
0.88
0.80
P-RC
0.26
0.26
0.43
P-PF
0.76
0.82
0.45
P-SSC
0.14
0.31
–0.07
P-SSY
0.90
0.92
0.60
RD-P
0.23
0.17
0.74
RD-Ru
0.23
0.14
0.86
Ru-RC
0.54
0.53
0.75
Ru-PF
0.84
0.90
0.60
Ru-SSC
0.04
0.24
–0.23
Ru-SSY
0.89
0.92
0.52
PF-SSY
0.91
0.93
0.89
PF-RC
0.57
0.59
0.75
PF-SSC
0.40
0.46
0.41
I30-Ru
0.42
0.48
0.33
I30-RC
0.05
0.07
0.30
I30-PF
0.51
0.49
0.58
I30-SSC
0.48
0.35
0.93
I30-SSY
0.67
0.74
0.79

runoff. However, I30 was the best driver of SSC and, after the
subdivision into two periods, also became the best driver of PF
and SSY in the dry period. The improvement of the correlations
driven by I30 during the dry period can be explained by the
events’ wider range in this period, with I30 varying from 2.0 to
51.8 mm h–1. Therefore, once runoff is generated in this period,
even if it is low, the transported sediment rises. For example,
two events observed in October and November 1996 gave SSY
equal to 0.15 and 4.1 Mg with Ru equal to only 2.0 and 3.0 mm.
Rainfall duration did not drive the hydrological response; the
high values of r in the dry period are due to a very long event for
this climate (53 hours) observed in November 1996. Apart from
this correlation, r was generally higher in the wet than in the dry
period with the exception of correlations involving RC and I30.
The values of the recession constants K obtained for 54
events with the Dunne (1978) method had a range between 0.33
and 0.83 with a median of 0.6. These values of K showed a
marginally significant negative correlation with PF (r = –0.29,
p = 0.087), but significant negative relationships with SSC
(r = –0.70) and I30 (r = –0.44). The negative signs were to be
expected because the lower the constant K is, the sharper the
recession hydrograph. The four events with the lowest K values
occurred in October and November.
SSC-Q dynamics during events
The relationships between SSC and Q were analysed for all
46 events with SSY in the Cannata catchment. Four classes of
the five identified in the literature (Williams, 1989) were identified. The number of events in each class was different. In
particular, most of the events, 25, revealed a clockwise relationship: the sediment peak arrives at the gauging section before the
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I5 [for values>25mm h–1]
62% (25, 20/08/1997)
47% (12, 15/10/2003)
57% (19, 01/09/2001)

water-discharge peak and the concentration values on the rising
limb of the graph are greater for the same discharge than those
on the falling limb. These events were characterized by high
values of I30. Eight out of ten events with the highest observed
values of I30 (> 8 mm h–1) revealed a clockwise relationship.
The other two events characterized by high values of I30 revealed a figure-eight loop. The shape of these two intense
events may be explained by their occurrence just after events
with sediment production, so limiting sediment availability. Of
the remaining events, seven revealed an anti-clockwise loop
with the water-discharge peak arriving at the gauging section
before the sediment peak; nine events were characterized by a
figure-eight loop (first an anti-clockwise loop and then clockwise) and two were characterized by a single-line-plus loop
(Figure 5). It was not possible to identify a prevalent type of
event depending on the wet or dry periods because only 3
events with sediment production occurred in the dry period.
DISCUSSION
Although the analysis of the results for hydrological factors
and processes driving runoff and sediment yield in the Cannata
catchment showed some similarities with other small mountainous Mediterranean catchments, it also highlighted some behaviour that in the literature was not usually attributed to this area.
With the sub-division of the Mediterranean region into three
areas (Merheb et al., 2016), even if Italy is included in the
north-western area, the Cannata catchment shared climate characteristics similar to the eastern and southern areas in terms of
annual precipitation, runoff, aridity index and coefficient of
runoff. Eastern areas were characterized by the highest variability of hydrological response, while southern areas were characterized by the highest aridity index.
The characteristics of precipitation of this Mediterranean
climate and the non-linearity of the rainfall-runoff relationships
determined very large inter-annual variability in hydrological
response in the Cannata catchment, with CV equal to 83%,
125% and 128% for RC, Ru and TS, respectively. Similar CV
values were found in La Conchuela, a small olive catchment on
a vertic soil, by Gómez et al. (2014), corresponding with P
characterized by CV values higher (CV about 40% for P and
mean I30) than those observed in the Cannata catchment.
Seasonality
The large temporal variability of monthly rainfall found in
the Cannata catchment is also typical of the Mediterranean area.
It was also found in the Chicamo catchment in Spain by Martínez-Mena et al. (1998), where about 50% of precipitation fell
in 14% of the 36 months of the study. More generally, the P
pattern identified here is characteristic of the western Mediterranean, being minimal in summer and maximal in autumn–
winter. Monthly Ru and SSY followed the pattern of precipitation during the winter-spring season, being delayed in autumn
due to the deep water deficit in summer. The succession of
three different periods during the year, determined by AET, that
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Fig. 5. Examples of suspended sediment concentration - water discharges relationships observed in the Cannata watershed.

were described for the Cannata catchment had already been
pointed out by Gallart et al. (2002), Latron et al. (2008) and
Estrany et al. (2010) in small mountainous catchments in the
western Mediterranean. Predictions of runoff generation in similar catchments should take into account this high variability in
soil hydraulics properties (Gómez et al., 2014), which are very
difficult to simulate in modelling exercises, especially during the
transition period (Licciardello et al., 2007; Taguas et al., 2015).
Runoff coefficient was also very variable between the two
semesters of the years; i.e. if we consider two periods with a
similar mean P value, i.e. September–November with 73 mm
and February–April with 57 mm, we find an RC of 7% in the
first case and 28% in the second. Similar differences between
RC values in dry and wet periods were found by Latron et al.
(2008) and Tuset et al. (2016). These authors suggested the
same explanation given for the Cannata catchment: the content
of water in the soil before flood events in the wet period is
generally higher than in the dry period, conditions that determine the higher RC observed in the former. The month of September with a monthly P in the range 42.4–114 mm (mean
monthly P depth = 69.6 mm) always showed Ru and SSY equal
to zero. This different behaviour between the two periods is the
reason why for all the correlations, especially those driven by P
and Ru, r coefficients reached higher values after the division of
the data into two periods.
After the division into two periods, I30 was a good driver of
the hydrological response in the Cannata catchment only during
the dry period and not during the wet period, as generally seen
in Mediterranean areas (Martínez-Mena et al., 1998). In the
Cannata catchment this behaviour can be explained by the
interaction of the vegetation during the wet period and by the
fact that runoff and sediment transport were limited despite
high P and I30 during the dry period (really during October and
November, the only two months without null Ru). Vegetation

cover and lithology are the main reasons explaining the lower
specific sediment yield found in the Cannata catchment (1.16
Mg km–2 y–1) than in other Mediterranean catchments, along
with SSC event values (up to 9.3 g/l during October–November
before the increase in vegetation). In fact, according to
Vanmaercke et al. (2012) the sediment yield of Mediterranean
catchments with area < 10 km2 varies between 0.5 and 50,000
Mg km–2 y–1. Tuset et al. (2016) found an SSC max value of
3 g l–1, while a total of 5 floods out of 73 reached concentrations exceeding 2 g l–1 for a catchment mostly covered by forest. Similarly, in the Cannata catchment this concentration was
exceeded by a total of 9 floods out of 46.
Runoff generation processes
It is more difficult to explain the hydrological response in
the Cannata catchment in terms of either P or I30 for the first
events with runoff of each hydrological year. These events were
characterized by a mean value of cumulative P from the preceding event with runoff (generally in April or May) of 290 mm.
Moreover, the events were characterized by an empirical relative frequency of about 20% when taking into account the mean
values of P depth and I30. This frequency rose to 50–80% with
the mean values of PF, Ru and RC, and to 70–80% with the
mean values of SSC and SSY. The exceptional event that
occurred on 13/12/2005 was excluded from this analysis. These
results corroborated those of Gómez et al. (2014) for an olive
orchard on a Vertic soil, among others (e. g. Allen et al., 2006).
Even though, at the event scale, I30 improved its driving
role of SSC and SSY (only in the dry period), it remained a
weak driver of PF and poor of RC. Estrany et al. (2010)’s findings were the same. They explained that the negative correlation between I30 and PF was due to the most intense rainfall
occurring in the summer, when the soil water content was low
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and there was no flow into the channel. This meant that maximum PF was lower although rainfall intensities were higher. As
stated above, this was also true for the Cannata catchment.
Thus, the results in the Cannata catchment contradicted the
common opinion that rainfall excess runoff generation process
prevails in semi-arid areas. In our case, saturation overland
flow seemed to prevail, as confirmed by the lack of significance
of correlation coefficients between I30 and RC but also by the
success of the T-M water balance model for simulating the
main runoff periods observed in the catchment. Gallart et al.
(2008) found similar results in a set of Mediterranean headwater catchments characterized by the temporariness of flow. Ries
et al. (2017) also found the prevalence of rainfall excess runoff
generation process only in arid areas, while in semi-arid area
catchments, characterized also by different rainfall intensities,
soil water storage and bedrock capacity, excess saturation overland flow prevailed. Bracken et al. (2008) found that floods also
seem to be more highly related to the total rainfall occurring in
a spell of rain (starting after 12 hours without rain) than to the
intensity of a storm, although intense bursts of rain control the
nature and timing of the flood hydrograph. Conclusive considerations concerning the importance of rainfall intensity for
flood generation are made even more difficult due to the complexity of significant storm rainfall. Reaney et al. (2007) highlighted the importance of the temporal fragmentation of highintensity rainfall to determine the amount of runoff temporal
fragmentation of high-intensity rainfall. Storms may have the
same amount of high-intensity rainfall, but produce very different amounts of discharge if they are characterized by different
degree of high-intensity fragmentation. Consequently, the use
of constant intensity during the whole event could lead to incorrect estimations of hydrological response in modelling exercises applied in semi-arid conditions.
The recession constants K obtained for the analysed events also support the prevalence of saturation mechanisms over rainfall
excess ones. Indeed, the K values obtained in this study (0.33–
0.83) are well within the range of those reported by Dunne
(1978) for the 0.59 km2 Sleepers River watershed W-2 characterized by saturation (variable source area) mechanisms (0.42–
0.81), while they are clearly larger (smoother) than those reported
by the same author for the 0.83 km2 Stillwater Watershed –4
characterized by rainfall excess overland flow (0.032–0.27).
Moreover, in catchments with prevalent fine texture, the delay of the hydrological response observed during the transition
period, which is due to the filling of soil water reserves, may be
more marked in the event of crack formations (Gómez et al.,
2014). This is a working hypothesis for the case of the Cannata
catchment where shrinking cracks were observed during the
transition period, in summer and at the beginning of autumn.
Afterwards, once the rainy season begins, the soil surface becomes moist, the soils swell and the fine cracks close, reducing
infiltration and allowing the generation of overland flow because of rainfall-excess generation mechanisms. Arnold and
Fohrer (2005) found that, in Texas, crack volume and PET have
similar distributions, but there is about a 3-month lag between
peak AET and peak crack volume. Based on the similarities of
PET and AET characteristics found by Arnold and Fohrer
(2005) and simulated in the Cannata catchment by SWAT
(Licciardello et al., 2011), crack volume started to increase in
May, reached its maximum in September and decreased between October and November. These months were still part of
the dry period that started in May.
It may therefore be argued that the T-M model successfully
mimics the periods of high soil wetness, but runoff in these
periods may be caused by precipitation over either saturated or
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crack-sealed ground. In other words, the model success shows
the importance of the wet antecedent conditions on runoff generation but not necessarily the operating mechanisms. In the
lack of field surveys on the occurrence of saturated areas in the
Cannata catchment, the relatively high values of the recession
constant K suggest that runoff is not only due to overland flow,
but that there is also some contribution of return flow usually
associated with high water-table levels, at least in the riparian
area (Dunne, 1978). Periods of high soil-water content in the
Cannata catchment are denoted by the occurrence of shallow
soil slumps.
The prevalence of saturation overland flow may also be due
to the limited soil thickness of the Cannata catchment. Landscape factors such as soil depth (i.e., available water storage
capacity), upland watershed area, and local topography are the
important factors determining whether or not a particular area
in a watershed will generate runoff (Steenhuis et al., 2005). But
following the variable source area (VSA) hydrology concept as
rainfall continues, the extent of saturated areas in a watershed
expands varying temporally. Thus, both hydrologic and soil
water (i.e., porous media) concepts are combined to evaluate
potential runoff areas in the landscape. In this view, the developing of simple methods to identify the locations more prone to
generate runoff could help in the interpretation of the hydrological of small catchments.
Sediment – discharge relationships
That most events are characterized by a clockwise relationship between SSC and Q is attributable their following a period
in which, even if some rainfall occurs, there is no runoff, for
example at the beginning of the runoff season or during the
early part of a storm. These events are quite intense, so SSC
rapidly increases in the rising limb of the hydrograph. This is
particular evident for intermittent river, due to the presence of
available sediment in the water course (Gentile et al., 2010). In
fact, the approaching wave can bring quite a lot of stream bed
sediment, that was settled and immobile during no- or low-flow
conditions. Then, after reaching the peak, the SSC decreases
even if the water discharge is still high, which is attributable to
several reasons, such as sediment depletion, the conclusion or
decrease in rainfall intensity and the growing contribution of
return flow. The prevalence of this kind of relationship may
also be because the Cannata stream is quite small (Heidel,
1956). A particular kind of clock-wise loop observed at the
Cannata catchment was the single-line-plus-loop. While clockwise, anti-clockwise and mixed loop are well known and very
common, not a lot of single-line-plus-loop published (Gentile et
al., 2010). These events are characterized by a linear relationship between SSC and Q at the beginning and end of the hydrograph, when the SSC varies directly with discharge. The loop at
higher discharge indicates that during the middle of the hydrograph SSC is not in synchronization with Q, instead peaking
either before or after the discharge. In most cases, the anticlockwise events in the Cannata catchment occurred when the
flood started on the falling limb of the previous intense event;
with the water discharge peak occurring before the sediment
concentration peak because there was still base flow from the
previous event. These events occurred only between January
and April, never at the start of the runoff season. Mixed loop
occurred when there were graded floods, which are characterized by a clockwise relationship at the beginning of the event
and an anti-clockwise one afterwards or vice versa.
On the whole event scale, the close correlation coefficients
between PF and SSY found in Cannata are common in small
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catchments elsewhere and attributable to the role of peak flow
as a measurement of overall event power (Duvert et al., 2012).
PF proved to be the best descriptor of SSY as found by Duvert
et al. (2012) with similar a coefficient and b describing the
single power law between the two variables (SSY = α Q β) for
events recorded during the wet period. In particular, α was in
the lower part of the identified range 25–5039 (α = 22.9) and β
in the upper part (0.9–1.9) (β = 1.9). Even lower values for α
and higher for β were found analysing events recorded during
the dry period, supporting the very peculiar response of the
Cannata watershed during this conditions.
SSC was also positively related to I30, which is a measurement of event rainfall power, negatively related with the recession constant K, which measures recession softness, and quite
independent of Ru, which suggests that neither concentration
nor dilution was associated with runoff. Although it has been
suggested above that the main runoff generation mechanism is
not rainfall excess, the very high correlation coefficient between I30 and SSC during the dry season suggests that sediments are mainly produced in small hillslope source areas of
low vegetation cover and poor soil characteristics, such as
discontinuous gullies, during intense rainfall events. Even if
these events were not sufficient to generate runoff at the catchment outlet, they could carry the sediments to the elementary
drainage net, which would permit the occurrence of positive
loops in the SSC-Q relationship primarily in the first events of
the wet season.
CONCLUSION
The research reported in this paper provided an analysis of
water balance and the main hydrological factors and processes
controlling runoff and sediment in a small mountainous Mediterranean catchment. Some similarities and differences with
other catchments were highlighted. Seasonal climate forcing in
Cannata showed a characteristic Mediterranean pattern with
high temporal and spatial variability of precipitation and high
concentration of relevant runoff events into a few months. The
inter-annual and seasonal variability of the hydrological response of the catchment was even higher than the variability of
rainfall, due to the interaction of other factors, among them
potential evapotranspiration (PET), vegetation cover and the
role of the soil as a water buffer. Evapotranspiration was the
main factor driving the succession of wet, dry and transition
periods in the Cannata catchment. The differences in runoff
coefficient (RC) values between the different periods were
higher than those cited in the literature. Vegetation was also
suggested as a factor affecting the response of reduced sediment production in the catchment (as against other catchments
in similar environmental conditions). The refining of the analysis divided the data into two periods and, by taking the event
scale into account, clarified some behaviour discussed above.
For example, rainfall intensity (I30) became a driver for peak
flow (PF) and suspended sediment concentration (SSC) during
the dry period (really October and November, the only two
months of the dry period with runoff) when I30 values were
higher than the rest of the year and the vegetation cover was
still low. The fact that I30 was generally not a driver of the
hydrological response was coherent with the results of the
Thornthwaite-Mather soil saturation model simulations. These
showed, in contrast with much literature on semi-arid catchments, that runoff generation was dominated by saturation
processes in the Cannata watershed. The analysis of the hydrograph recessions suggested rainfall over saturated areas and
return flow as the dominant runoff generation processes. The

role of soil crack formation and closure in the temporal patterns
of runoff was also hypothesized on the basis of their field
occurrence, but there is no other evidence to support this. All
SCC-Q relationships were positive, with different hysteresis
types, but with a prevalence of the clockwise shape, especially
at the beginning of the runoff season. This and the clear role of
I30 on SSC during the dry season suggest that sediments are
mainly produced during intense storms in small hillslope
patches with low vegetation cover and poor soil characteristics.
Analysis of results confirmed the complexity and variability
of hydrological processes in small Mediterranean catchments.
These findings have to be taken into account in land and water
management and planning. In particular, they need to be included in modelling exercises at the beginning of the runoff
generation season.
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Introduction
Mediterranean grazing systems are biological structures that arise from the interactions between natural
resources and human behaviour. The environmental conditions and geographic, climate and edaphic
constraints affect these systems, to characterise the different types of agro-pastoral societies that are based
on breeding livestock as a traditional activity. With concentration of the rainfall during the cold season and
total absence during the hot summer, the Mediterranean climate strongly influences herbage availability for
pasture, with large intra-annual and inter-annual variability. The vegetation model consists of herbs, bushes
and trees that can coexist, to contribute to the feeding of domestic and wild animals (Salis, 2009).
The Mediterranean grazing systems, which are mainly included in marginal areas, are considered as hot spots
of biodiversity. They are characterised by high natural value, with the presence of many different plant and
animal species. They also have extensive management in terms of low stocking rates and units of mineral
fertilisation, with few areas cultivated with crops and high grazing of the natural pastures. Moreover, they
have low productivity in terms of the pasture biomass production.
Agricultural biodiversity has also been strongly shaped and developed through the farmer management of
both grasslands and arable areas. Generally, where intensive livestock production is practised, biodiversity
has been greatly reduced. The effects of pesticides and herbicide applications, seeding and mechanical tillage
have all contributed to this biodiversity loss.
However, other ecological functions can be affected by extensive grazing or by post-grazing successional
trajectories on Mediterranean grazing systems. Questions such as the consequences of present land use
trends on soil and water quality, erosion control, wildfires' risk, seed bank activity or even climate change are
barely addressed on Mediterranean.
In the present report the description of main grazing agro ecosystem (AES) in Mediterranean areas and its
distribution inside the Mediterranean, included in the Asian and Africa countries are reported (chapter 1).
Moreover, some impacts of abandoned land and overgrazing are described (chapter 2). Finally, some antierosive (SWC) practice case studies are described (chapter 3).
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Executive summary
Grazing systems of Spain, Italy, Greece, France and Portugal were analysed for Europe. Typical concerns in
Europe are land use abandonment and/or intensification of land use and loss of regionally-specific forms of
agricultural production. These changes are having an impact cultural and environmental values and their
resilience capacity can be at risk. Large areas of pastureland in the LFAs (Less Favoured Areas) of Europe are
being abandoned or in the process of being unused, but the precise scale, speed and underlying causes is
poorly researched. On the opposite, occasional overgrazing may occur in pastures near the villages. For Asian
countries, the main concerns are the strongly seasonality in Israel and the overgrazing and rangeland
degradation in Turkey, where more than one-third of the country is rangeland. In Turkey 90% of the
rangelands is subject to erosion.Degradation of the rangelands represents one of the greatest challenges
faced in the African steppe region. It has been estimated that rangeland areas have decreased by 10% in
Morocco and Tunisia and 14% in Algeria between the mid 1970’s and the mid 1990’s. In addition to their
reduction in area, rangeland productivity is decreasing. The main causes are the cultivation of the steppe and
the overgrazing.
Both trends, abandonment of marginal agricultural lands (both for cultivation and for pasture) and
overgrazing cause erosion. In particular, with terrace abandonment and cessation of maintenance of the
drainage systems, the soils have became saturated, and natural mechanisms previously controlled by human
intervention have begun to restore the original profile of the hillside. Regarding overgrazing, erosion initiated
and exacerbated by grazing animals is widespread throughout the world's rangelands. But in rangeland
science the impact of grazing animals on a landscape is dominantly discussed in terms of their impacts on
vegetation - species change and how many animals a range can carry - not erosion.
In general, current European pastoral systems are recognized as repositories of natural values and cultural
heritage but face an uncertain future. Pastoralism is actively supported in European countries by the EC
through funds distributed to farmers through the Common Agricultural Policy (CAP). The new policies
deliberately favour environmental protection. All the considered countries, Spain, Italy, Greece, France and
introduced incentives to support agri-enviromental measures in grazing areas or at least in Less Favoured
Areas/mountainous areas normally devoted to grazing. Among the considered countries in EU, the
decreasing order of allocation of specific support for direct payments is France, Italy, Spain, Greece and
Portugal.
On the basis of EU CAP policies (Reg. CE 1257/1999 and later Reg. CE 1968/2005) Italy has passed laws that
favoured landscape variability, complex agro-silvo-pastoral systems and in support of land use diversification
through forms of service provision (Italian law 228 issued on 18 May 2001). In the most recent revamping of
the Common Agricultural Policy (CAP), support to LFA has been coupled with agri-environment schemes in
the second Pillar of the CAP.
In Spain, Total Agricultural Land (TAL), takes up some 90-95% of the country area and around 80% of TAL was
rated as LFA under EC criteria. In particular, in Castile-La Mancha, southern-central Spain), part of the LACOPE
Project (2002), the following management alternatives practices were suggested: 1. Changing the crop
rotation (from cereal-fallow to cereal-annual legumes). 2. Extending grazing on fallow-lands (green fallows).
3. Improving grazing infrastructures and grazing rights al location. In the Camero Viejo region (Iberian System,
northeast Spain) some quantitative data on runoff and erosion were found on heavily grazed terraces (1.5
ha per head of cattle) and on lightly grazed terraces (2.5–5 ha per head of cattle) Runoff was greater (runoff
coefficient 38 %) on heavily grazed terraces than on lightly grazed terraces, which had a runoff coefficient of
20.1 per cent. The time lag was much shorter for heavily grazed areas (550 s) than for those lightly grazed
(900 s). Runoff transported more sediment (25.8 gm-2 h-1) from heavily grazed terraces than on those that
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were lightly grazed (10.2 gm-2 h-1). Also a relationship between cover and runoff and erosion was found in
the abandoned in the Aı´sa Valley, central Spanish Pyrenees, Spain. The greatest runoff is from plots where
the shrub cover is 40%–60%, and surprisingly, plots with the least shrub cover (15%) yield a moderate
quantity of runoff— even lower than plots with 85% of shrub cover. This is probably due to the high quantity
of stones on the surface (stoniness equal to 100%), which encourages infiltration, as several authors have
shown. The highest sediment concentration is recorded in the plots with 60% shrub cover. In plots with 15%
shrub cover the water contains almost as much sediment as the more hydrologically active plots. From this
one can conclude that stones encourage infiltration but that runoff can still mobilize sediments, probably
from between and under the stones. The soil loss data show that plots with a dense shrub cover have a
moderate behaviour with very small sediment output. When plant cover density is reduced from 100% to
85%, sediment yield multiplies 10-fold, demonstrating the importance of a nearly complete plant cover. As
the density of plant cover decreases, soil loss increases rapidly, reaching the highest values around 40%–60%
shrub cover. Meadows have a moderate soil loss, although erosion is higher than in the areas of dense shrub
cover. From a hydro-morphological point of view this means that meadows yield much water but it is
relatively sediment free, and this is why selective clearing can be considered as a good management strategy
for abandoned lands.
In France, the national programme of the 2007-13 Rural Development Programme, (RDP), the Plan de
développement rural hexagonal (PDRH) sets nine agri-environment schemes. Among the different schemes
at national level, the scheme A is relative to extensive grazing. The aim of the extensive grazing scheme is to
stabilise grassland management in areas threatened by abandonment and to maintain environmentally
friendly production methods, encouraging reduced levels of nitrogen fertiliser use, longer grassland rotations
and protection of biodiversity features.
Conventionally in Portugal farmers resow pastures to obtain more palatable swards constituting a form of
ley farming (rotation of crops with legume or grass pastures). Sometimes fire is also used to eliminate shrubs
and obtain re-sprouts. Both tillage and fire have damaging effects on soil structures and fertility. Therefore
reducing pasture renewal interventions can bring significant environmental benefits. Notwithstanding this,
it was found that agri-environmental measures applied in two research areas in Portugal: Traditional Mixed
Farming in Centro and Extensive Grassland in Alentejo, were effective in preserving grazing livestock, but
changes in grazing practices have not led to a significant improvement of the conditions to reduce the risk of
wildfire and soil erosion. In an other study it was found that among the three main grassland systems in
Portugal, natural grasslands, fertilized natural grasslands, and sown biodiverse permanent pastures rich in
legumes, the latter has higher plant productivity. Thi implies increased atmospheric carbon capture through
photosynthesis. Part of the biomass produced is stored in soils due to the high density of yearly renewed
roots. Storage is in the form of non-labile soil organic carbon (SOC), which is part of the soil organic matter
(SOM) pools. SOM pools are also increased by leaves’ senescence, and by animals returning undigested fibre
to the soil. SOM is a particularly important parameter in soil management, especially in mineral soils in
Mediterranean and semi-arid countries where its concentration is low. In these conditions, increasing SOM
concentration has several agronomic and environmental benefits, ranging from increase in water holding
capacity to soil protection and carbon sequestration.
Instead, it does not seem that the new EC CAP environmentally-focussed farming policies have had much
impact on Greek livestock farmers, due to the uneven application of EC CAP facilities by local authorities.
Anyway, some experimental data on soil cover, runoff and soil erosion in relation to grazing exist. The effect
of two grazing intensities on runoff, and sediment loss in a rural area sensitive to desertification in the
Asterousia region (Crete) for three consecutive years. Monthly runoff and sediment loss were higher in the
overgrazing than in the sustainable grazing plots. Moreover, significant differences in plant cover between
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sustainable grazing and overgrazing conditions were observed with plant cover being higher in the
sustainable grazing plot compared with the overgrazing plot. The Desertification Risk Index (DRI) score
estimated according to the Desertification Indicator System for Mediterranean Europe (DIS4ME) under the
physical, environmental, and land management conditions observed in the study area amounted to 5.9 and
7.3, respectively, for plots under sustainable grazing and overgrazing. Moreover, the effect of various grazing
treatments on vegetation cover and consequently on runoff in a grassland with sandy loamy textured soil
were investigated at Chrysopighi, Macedonia in northern Greece. The results showed that runoff production
was significantly higher in plots with low (47 %) than with medium and high vegetation cover (63 and 90 %
respectively). It was increased drastically after 5 min of rainfall application at the low cover. On the contrary,
with full and medium vegetation covers runoff was maintained almost constantly at relatively low levels (0.7
and 2.5 percent of all the applied rain water respectively). Runoff production increased with the duration of
rainfall application. Moreover, critical vegetation cover for acceptable runoff rate on a sandy loamy soil with
moderate slope was 50%.
Deferment of grazing at the beginning of growing season (during the initial regeneration stage) of a
Mediterranean type grassland, especially at high stocking rate (over 0.67 cows ha-1) is a management option
that can allow the herbage to grow to a threshold beyond which the rate of new plant growth will be
substantially greater than the biomass consumption rate by the grazing livestock in Israel. The National
Range Management and Rehabilitation Project was conducted from 2007 to 2011 as part of the Rangeland
Act in Turkey. Range improvement and development projects planned and implemented by local range
management offices initially showed promise but most have failed because grazing pressure could not be
controlled. There appears to be a need to re-examine grazing policies and regulations on the communal
rangelands of Turkey. The degradation of Turkey’s land resources has given rise to a discussion concerning
agrarian reform and land ownership and allocation.
Drawing on extensive regional expert consultations conducted since 2007, the Policy Framework for
Pastoralism in Africa is the first continent-wide policy initiative which aims to secure, protect and improve
the lives, livelihoods and rights of African pastoralists. The policy framework is a platform for mobilizing and
coordinating political commitment to pastoral development in Africa, and emphasizes the need to fully
involve pastoralist women and men in the national and regional development processes from which they are
supposed to benefit. The framework also emphasizes the regional nature of many pastoralist ecosystems in
Africa and therefore, the need to support and harmonize policies across the Regional Economic Communities
and Member States.
To stem the degradation, the International Center for Agricultural Research in the Dry Areas (ICARDA) and
national partners in Morocco and Tunisia have designed alley cropping technologies that enhance fodder
quality and quantity, thereby reducing pressure on the rangelands. In Tunisia, the project introduced Opuntia
(spineless cactus) as an alley crop and, in Morocco, Atriplex (saltbush). The effects of the technology on
productivity were impressive. Biomass yields in Opuntia alley cropping systems in Tunisia increased by 57 per
cent over yields in a traditional barley cropping system. On natural rangelands, the average herbaceous
biomass yield increased to an estimated 4.98 t/ha, compared with less than 3.3 t/ha without cactus. In 2002,
the adoption rate was slightly above 30 per cent and the adoption degree was 29 per cent. Similar results
were obtained for Morocco. Here the total target area for Atriplex alley cropping was nearly 6,290 hectares.
By 2003, 24 per cent of this area was under this system. The corresponding adoption rate was 33 per cent,
with larger-scale farmers and farmers with livestock again the main adopters. Both shrubs offer additional
benefits helping to control erosion. In the western high-plains of Algeria around the Ech-Cherguichott, the
role of grazing on soil degradation of the steppe was analysed. An area of steppe of about 30 000 ha was
grazed as open rangeland collectively used. The stocking rate has increased gradually reaching 0.75 su/ha by
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1990 (according to the regional statistics). All observations made on steppic rangelands had revealed that
sand spreading was the common feature of the recent degradation.
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1.

Description of grazing agro ecosystem (AES) in Mediterranean areas (and its distribution inside the
Mediterranean)

1.1 Europe
Large Scale Grazing Systems (LSGS) identified in the LACOPE project (2002) in Europe, represent a community
of livestock farmers sharing productive forms, traditions and even cultural values that, in turns, may shape
the environment (Figure 1.1).

Figure 1.1. Sample of European LSGS on their corresponding environmental zones with location and
dominant livestock grazer (Caballero, 2015).
On the most developed and populated regions of central and Western Europe (an Atlantic arch from France
to Denmark), the traditional LSGS are mostly a relic of the past. In the marginal and mountainous regions of
Mediterranean countries such as Spain, Italy or Greece, LSGS are still operative but sustainable transition
pathways blurred and the LSGS under a general downwards trend. Its general features are less mobile
systems, more indoor feeding operations, less use of indigenous breeds and far-reaching grazing grounds
abandoned. Only in the less developed European regions of SE Europe LSGS are still largely operating under
traditional ways but insecurity for continuation given the lack of interest by young farmers.
Main characteristics of grazing systems in Mediterranean regions of some European countries follow.
SPAIN
The Mediterranean region represents more than 80% of the national area in Spain with scattered inland
sierras and plains. Spain has a strong tradition of flock mobility, with displacements up to 700 km
(transhumance). Sheep flocks moved along drove corridors (cañadas) between summer pastures in the N
and winter pastures in the S, regulated by the old Mesta system. Nowadays, only a small number off locks
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are displaced, mainly by lorries or trains, and most herds/flocks are sedentary or practicing shorter
displacements (some 100-150 km) between nearby grazing units (trasterminance) or vertical mobility in the
mountains (Caballero, 2009).
ITALY
As in Spain, the historical review traces the dynamic of evolution and explains the actual situation.
Traditionally, sheep transhumance was structured since the Middle Age in most parts of Italy.
Traditional pastoralism in Italy included transhumance patterns, with seasonal moves of livestock from the
pastures of flat and mild areas to the temperate mountains (the Alps in the north and the Apennines in the
central and southern parts) during late spring and summer, and returning back at the beginning of autumn.
While sheep and secondarily goats were common in the central and southern Apennines (including the Apulia
plain and the Matese Massif in Molise) as well as in the islands (like Barbagia in Sardinia), cattle mostly
predominate in the northern regions and in the flat and hilly areas of central Italy, including the Tuscan
Maremma and the plains of Latium.
These systems have persisted in the Italian territory for at least 2,000 years and have triggered gradual
changes of traditional transhumant communities, which are now employed in modern agriculture.
Many changes have taken place in Italian society and its economy since the 1950s. Industrialization,
urbanisation, rural out-migration and one of the lowest birth rates of the world have resulted in the
intensification of agriculture and animal rearing activities and their concentration in certain areas. Italy has
around 29 million ha, of which two thirds are arable and the rest consists of mountains or poor forests on
steep slopes. Agricultural land has lost five million hectares from 1961 to 2006; in the same period pasture
land increased as a proportion of the agricultural area from 24.5% to28.2%, but has reduced in comparison
to the forest areas, which have increased by about one million ha (FAO 2011).
Such important reorganisations of the rural areas have been accompanied by considerable reductions in the
size of the herds and flocks (Table 1.1). In the five decades between 1961 and 2009, cattle numbers were
reduced by more than one third. Sheep numbers increased initially due to immigration of shepherds from
the island of Sardinia and because this small ruminant is easier to manage than cattle; sheep numbers later
decreased to less than in the 1960s. Goat numbers were slightly reduced, while asses and horses have always
played a limited role in the countryside. These changes allowed the re-introduction of trees in pastures, in
cropped fields, and to the diffusion of specialised tree plantations.
These figures hide the fact that livestock have mostly disappeared from pastures and are being shifted to
intensive rearing in stables. This has meant some abandonment of certain grazing areas as well as of marginal
cropped fields, the return of trees and shrubs in pasturelands and in marginal farmlands, and the natural
conversion of abandoned areas to early stages of forest. Although pasture management is diversified from
north to south, under-grazing is a normal condition in the north and central-northern regions, whilst undergrazing with patches of over-grazing is present in the central southern regions and in the south. Shrub
encroachment has started gradually, due to reduction in grazing, with biomass accumulation increasing the
risk of fires (Talamucci 1993).
Table 1.1 Population changes of main livestock species in Italy between 1961 and 2009 (*1,000 head)

Abandonment is estimated to occur in 45% to 75% of the land area in Alpine areas where the abandonment
is generalised, and 30% to 70% in the Apennines, where abandonment of certain areas is paralleled by overuse of others. Most livestock rearing using pastoral practices in marginal areas has been converted to more
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intensive systems with livestock mostly reared in barns, relying on specialised forage production from more
fertile areas (Pardini and Nori, 2011).
Such important reorganisations of the rural areas have been accompanied by considerable reductions in the
size of the herds and flocks. In the five decades between 1961 and 2009, cattle numbers were reduced by
more than one third (Pardini and Nori, 2011).
Livestock have mostly disappeared from pastures and are being shifted to intensive rearing in stables. This
has meant some abandonment of certain grazing areas as well as of marginal cropped fields, the return of
trees and shrubs in pasturelands and in marginal farmlands, and the natural conversion of abandoned areas
to early stages of forest. Although pasture management is diversified from north to south, under-grazing is a
normal condition in the north and central-northern regions, whilst under-grazing with patches of overgrazing is present in the central southern regions and in the south. Shrub encroachment has started gradually,
due to reduction in grazing, with biomass accumulation increasing the risk of fires (Talamucci, 1993).
At the same time, food production systems have increased their degree of integration with other sectors of
the modern economy, bringing a diversification of farm incomes, increasingly based on modern integrated
systems (Pardini 2006a, 2009; Pardini et al. 2008, 2009).
Socio-economic conditions of extensive livestock systems have not been favourable to producers for the last
few decades, with a trend of decreasing payoffs for meat and milk products. As a result, for the last two
decades most shepherds accompanying and caring for grazing animals in Italy are actually migrants from
northern Africa and eastern European countries (Pardini and Nori, 2011).
FRANCE
Strengthening and securing economic activity in rural areas figure among the objectives of French policy on
the quality and origin of agricultural products.
Up through the 1960s, ruminant livestock farming was associated closely with mixed-crop food farming based
on cereals and root crops, to which animals contributed manure and draught power (Aubron et al., 2011b).
Beyond hay required for winter, which varies in length depending on the region, animals mainly were fed in
pasture on natural vegetation, with a summer or winter transhumance in certain cases. As elsewhere in
France, with the mechanization that began in the 1960s, farms in these regions grew in size and reduced in
number, a trend which continues today. As they are unprofitable compared to regions in the plains, crops
which are not intended to feed herds are disappearing and farms are specializing in livestock activities. The
different ingredients of the forage revolution – high yield varieties, mineral fertilizer, increasingly efficient
mechanized equipment – gradually are spreading to areas where conditions so allow.
Major forage stocks consequently are being constituted which, combined with the production or purchase
of concentrates, is leading to changes in the way herds are fed.
Under the national and even international conditions of competition characterizing animal product markets
over the past few decades, these changes nonetheless have not been enough to ensure the viability of farms
in these regions. In order to respond to this crisis 8 quality schemes were developed and applied in 5 areas
in France (Aubron et al., 2014). Their aim was to obtain added value compared to standard products through
the production of products with a specific quality. The definition and revision of the specifications of these
schemes, begun in the 1990s, also correspond to the emergence of a quality economy based on the
differentiation of products and quality levels. Intangible qualities, meaning cultural and societal values
associated with products 2009), play an important role in this process. For example, communication materials
of the quality schemes studied nearly all feature photographs of grazing animals or of people leading animals
to rangelands. The reference to pasture areas and territories conferred by the protected designations of
origin, and the linking of red quality labels with a protected geographical indication, also is a vector of
intangible qualities. Consumers are receptive to this promotion of values in a context where some are
developing a growing ‘awareness of pastoralism’ and this contributes in turn to the construction of this
pastorality (Aubron et al., 2014).
PORTUGAL
In Portugal, as in other countries in the European Union, farm abandonment has been threatening farmers
in dry and mountainous zones classified as LFAs. Since the 1960s their farming systems based on low-input
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crop-livestock associations have lost the competition with specialised farms in more suitable agricultural
areas. Farming System Research has evolved from an approach focused on production economics towards a
holistic approach that considers the farm as a system integrated within a broader hierarchy of systems. The
striking evidence, around the 1980s, of the different degrees of success of particular innovations (e.g.
mechanisation and fertilisers) in different socio-economic and biophysical settings led development
practitioners to this conceptual revision and to cater for the need for ‘bottom-up’ approaches and
implementation, one also referred to Farming Systems Research and Development. In the past two decades,
a significant part of agricultural land in Portugal has been converted to open forest land, which includes
shrubby vegetation resulting from land abandonment and post-fire forest regeneration and new forest areas
resulting from afforestation. After repeated fires the soils and their stock of seeds become exhausted, and
the resulting bare soils become exposed to soil erosion. The outcome of this conversion seems to have led
to an increase of land degradation in some LFAs (Jones et al., 2016a).
Ruthenberg (1980) classified farming systems on the basis of such criteria as, among others: proportion of
inputs produced inside the farm system (e.g. own produced animal feed), type of rotation (e.g. natural fallow
systems including ley systems), and intensity of rotation, showing the extent of cropping versus fallow over
the years. The rainfed crop– livestock systems are largely based on some arable and permanent cropping,
some (agro) forestry, and most importantly on a combination of fodder crops and intensive and extensive
grazing systems. The contribution of natural forage to the total feed consumption on a farm was used by
Porqueddu (2007) to classify low-input farming systems in southern Europe. The change of these systems,
with its impact on the environment, has been brought about by several strategies, ranging from pure
abandonment to intensification.
In Portugal, there are now around 1.5 million hectares of grasslands (INE, 2010), divided between three
grassland systems: natural grasslands (NGs), fertilized natural grasslands (FNGs), and sown biodiverse
permanent pastures rich in legumes (SBPPRLs). These three types of pasture correspond to three different
degrees of intensification. NG is by far the most used grassland system in Portugal. It consists of either fallow
stages from long cereal rotations, or spontaneous vegetation in previous croplands which have since been
converted to areas for livestock feed. NG typically has no specific management, except for occasional
operations to control shrub growth. The most widely used operation is tillage. The only difference between
NG and FNG is that the latter is fertilized. The species and varieties of spontaneous grasses and legumes are
the same, but fertilization increases productivity. As a consequence, shrub control has to be done more
frequently. Some farmers and agricultural scientists believe that fertilization alone does not provide the best
results in terms of plant productivity and animal feed quality. Advocates of sown pastures believe that the
introduction of specific species or varieties, either absent or in lesser percentage in spontaneous grasslands
(as, for example, some varieties of legumes) will establish a functioning ecosystem with complementary
ecological niches and improve production (Teixeira et al., 2011).
GREECE
There are similar patterns to Italy, further east along the Mediterranean basin in the situation of extensive
pastoralism in the rocky landscape of Greece’s hilly interior main land and islands. Pastoralists often played
a central role in politics, agriculture and the military (Hadjigeorgiou, 2011). As in Italy, shepherding has roots
in antiquity, and was mentioned in classical Greek and Roman texts. In the more recent past, seasonal
transhumance routes were much longer, with shepherds moving livestock through the entire Balkan lands
controlled by the Ottoman Empire. In contrast to Spain and Italy, Greece has several ethnic groups related
with flock mobility with the most notable being "Sarakatsani" and "Vlachi", who developed a special culture
on nomadism and transhumance (Ispikoudis et al., 2004). As result of socio-economic changes, however,
sheep and goat flocks practising transhumance have been drastically reduced over the last 30-40 years,
greater dependence on cultivated animal feed under sedentary management, and abandonment of more
remote pastoral regions. Grazing intensity is not uniform throughout Mediterranean south sectors in Greece.
In several areas, particularly those around villages or animal concentration points (watering points, sheds)
overgrazing is applied. Grazing management of this sector is characterized by the combined use of pastoral
wildfires and overgrazing. The normal fire cycle is 3-5 years (Papanastasis, 1980). An increase of the number
of animals as a result to EU subsidies in the 1980s and 1990stogether with an increased demand for higher
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milk production has led shepherds to shortening the fire cycle in the last few decades in order to ensure more
and better food to their animals. However, the increase of wildfire frequency coupled with overgrazing has
seriously deteriorated rangelands (Papanastasis, 1978).

1.2 Asia
ISRAEL
Natural pastures are located mostly in the northern mountainous part of Israel in typical Mediterranean
climatic conditions and occupy non-arable lands with stony, shallow soils often on steep hillsides (Naveh
xxxx). The pasture here is strongly seasonal. The growing season of the herbaceous vegetation in Israel is
usually less than 6 months of which 1 to 3 months occur during the late autumns/early winter when the
amount of green vegetation is small and inadequate for satisfying the daily feel requirement of livestock. In
addition, growth rate is slow and the dry vegetation of the previous season is subject to rapid weathering
and decomposition after the first winter rains. During the long dry summer, the above-ground herbage is
dead and quality is poor protein content. Under these conditions, maintaining animal production under
yearlong grazing requires supplementation protein during the long dry summer, and energy during the early
growing season.
Preliminary results in Mediterranean grassland and woodland vegetation in Israel suggested that the
characteristically high biodiversity of herbaceous plants, and particularly annuals and geophytes, is
decreasing under complete protection from grazing. Beginning in 1982, a set of study sites was selected in
grassland and open woodland ecosystems in north-eastern Israel. The sites are in stony and rocky slopes and
plateaus on basalt and limestone substrates, at altitudes from -200 to 800 m, with rainfall between 400 and
800 mm. The soils are mostly fertile, annual primary productivity is 200-400 gm"2 and the land is now grazed
mostly by beef cattle in fenced paddocks. Historically, cattle, sheep and goats have grazed the area for several
thousands of years. Some patches have been subject to shallow ploughing in the past, but not for the last 3050 years. Annuals predominate at low altitudes, while the perennial component increases with altitude and
in rocky sites. The objective of the study was to evaluate the effect of cattle grazing at various intensities,
and of protection from grazing, on species composition, structure and biodiversity of herbaceous plant
communities. In most cases these were across-fence comparisons of pairs of adjacent sites, one of which is
grazed at a known intensity while the other is protected from grazing; thus the net effect of grazing can be
evaluated without being confounded by habitat differences. The results obtained so far from these sites
showed that in adjacent and environmentally similar sites, quite distinct plant communities developed under
protection from grazing, light to medium grazing, and heavy grazing. Sites protected from grazing become
dominated, within 3-5 years, by a few tall species, i.e. some perennial grasses (e.g. Hordeum bulbosum),
perennial forbs or tall annual grasses (mainly the wild cereals Triticum dicoccoides, Hordeum spontaneum,
Avena sterilis). These dominants create a continuous dense closed sward early in the growing season, and
their remnants form a mulch layer in the dry season. Most other annual species cannot establish in this sward
and disappear from the ungrazed community, or persist only in patches disturbed by small mammals.
Ungrazed and otherwise undisturbed grasslands usually have low biodiversity. Grazing, even light or
intermittent, opens gaps in the sward created by the dominant, in which populations of many other annual
species can germinate, establish and regenerate. There is a large group of small to medium height annual
grasses and forbs which increase in abundance in relation to grazing intensity compared to a much smaller
group of annual species which decrease in abundance.
Hence, sites grazed by cattle over a wide range of grazing intensity, are characterized by high species diversity
and conserve a large proportion of the flora. Heavy grazing does cause reduction in abundance and even
local extinction of species intolerant of intense grazing at critical stages of their life cycle. These include most
perennial grasses and some tall and medium height annuals.
Thus intensely grazed grasslands consist mainly of small annuals and geophytes and a few tall but unpalatable
species. Total biodiversity tends to be higher in grazed than in protected plots, even at high grazing
intensities. Substantial reductions in diversity are observed only in extremely heavily grazed areas, near
watering points and in cattle camping sites where nitrophilous species predominate. (Noy-Meir, 1995).
12

Regarding fire-grazing interactions, it was found that (Noy-Meir, 1995). fires in grazed sites had only minor
and transient effects on species composition that disappeared within one year. The effects of fires in sites
protected from grazing were more substantial and were measurable for up to three years after the fire.
Across species, there was no consistent association between response to fire and to grazing. The responses
to these two types of "disturbance" are apparently at least in part dependent on different traits. Grazing
almost always increased diversity. Fire did increase species diversity in grasslands at medium elevation
dominated by perennials, but not in low elevation grasslands dominated by annuals.
TURKEY
More than one-third of the country is rangeland and livestock production accounts for at least 30% of
agricultural income. Rangelands and livestock production on rangelands historically have been at the centre
of Turkish society, economy, and culture. Roots of many Turkish range management practices can be traced
back to the steppes culture of central Asia in 2500 BC. The government established strict policies and
regulations on the communal rangelands allocated to each community by the central government. The
grazing management regulations were based on strategies to ensure that 1) stocking rates did not exceed
carrying capacity, 2) timing of grazing was in balance with seasonal conditions, and 3) grazing units were
periodically deferred. The composition and productivity of Turkeys range- lands have degraded considerably
since the early 1900s with an increasing density of humans and their livestock on grazing lands and an
abandonment of the traditional policies and structure regulating grazing of rangelands. After establishing the
Republic of Turkey in 1923, the government relied on agriculture to improve the collapsed national economy
because there were no industrial sectors in the country. With a concomitant increase in livestock numbers in
the 1950s, grazing pressure on the remaining rangelands doubled between 1950 and 1960. A vast majority
of these undefined areas were comprised of denuded rangeland. Finally, with continued degradation of
rangelands used for grazing, the Turkey parliament in 1998 passed the Rangeland Act, which gave the central
government the authority to regulate grazing season, carrying capacity, rangeland development, and other
measures to control rangeland use. However, he Rangeland Act has not been enforced because rangeland
assignment, restriction, and determination studies have not been completed. Overgrazing is still the major
problem as grazing begins as soon as snowmelt occurs and continues until grazing lands are covered by snow
again. In the current Republic of Turkey era, grazing lands are allocated to villages and each villager has a
grazing right to the village allotment. Livestock owners in many of these villages still practice transhumance.
Regardless of the transhumant system used, there is no effective means of controlling stocking rate because
there are no limits to the number of villagers who can own livestock or to the number of livestock that a
villager can own.
1.3 Africa
The biggest pastoral countries in terms of rangelands areas are Morocco and Algeria, which are grossly
composed of 20 million ha of steppe i.e. 40% of their territory. Then comes Tunisia with 25% of rangelands.
Egypt and Libya are desert countries were rangelands represent 1-2% of the national territory, however in
absolute number Libya owns the same area of rangelands than Tunisia.
One of the greatest challenges faced in the region is the degradation of the rangelands. It has been estimated
that rangeland areas have decreased by 10% in Morocco and Tunisia and 14% in Algeria between the mid
1970’s and the mid 1990’s. In addition to their reduction in area, rangeland productivity is decreasing. Today’s
forage production corresponds to 30% of the 1968 level. In Morocco, a diagnostic made by MAMVA in 1993
shows that 8.3 millions ha concentrated in the region of the Oriental, the Arganeraie, pre-Sahara and Sahara
are defined as severely degraded. The rangelands of the Oriental are degrading at a rate of 1557 ha/year.
The cultivation of the steppe is an important factor explaining the degradation. With increasing population
pressure, rangeland is ploughed and converted to crop land, destroying the protecting vegetative cover. In
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these harsh environments, the soil becomes prone to erosion and within a few years the land is abandoned,
reverting back to rangeland. However, once destroyed by cultivation, native species are slow to return, and
the vegetation often consists of only a few native weedy annuals. Overgrazing is an other source of
degradation of the steppe. It impacts the floristic composition; the best palatable species are not given
enough rest to survive and invader plants are developing. In addition, overgrazing conducts to a decrease in
the perennial vegetation cover as alfa species. Finally, changes in pastoral production strategies have
impacted on the rangelands. In the mid-20th century, the mobility pattern of the pastoralists was perfectly
associated with the pastoral resources (forage and water) accessibility and availability. With the
mechanization of water transportation and the reliance on supplemental feed, animals can be kept
continuously on the range, which disturbs the natural balance and intensifies the degradation process.
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2.

Impacts of abandoned land and overgrazing

Typical concerns in Europe are land use abandonment and/or intensification of land use and loss of
regionally-specific forms of agricultural production. These changes are having an impact cultural and
environmental values and their resilience capacity can be at risk. Large areas of pastureland in the LFAs (Less
Favoured Areas) of Europe are being abandoned or in the process of being unused, but the precise scale,
speed and underlying causes is poorly researched (Caballero, 2015).
Left to their own or under insensible schemes of policy support, the abandonment trend can be more
apparent than the intensification threat (Hadjigeorgiou et al, 2002; Kristensen et al., 2004; Hadjigeorgiou et
al., 2005).
The abandonment trend of traditional grazing areas is a common phenomenon across in Europe, but the
time-scale of the process diverged between countries, between systems and even within particular systems
of one country. On a global scale of greater, to lower incidence the LSGS of Italy, Spain and Greece can be
rated.
The main consequence of this is the abandonment of lands previously used for agriculture, with the
disappearance of potential economic, environmental and social values (Caballero, 2007).
This reduction in traditional pastoral activities has lead to increased unemployment, with repercussions on
the social balance of these regions as well as in the landscape, with the vanishing of the old patterns and
elements, such as stone walls, bush fences, vernacular architecture and trees (Pungetti, 1995). Moreover,
the lower human control over the rural areas is linked with higher risk of fires.
On the opposite, occasional overgrazing may occur in pastures near the villages(Campos Palacín and
Martínez-Jaúregui, 2004; González and San Miguel, 2004) in South of Spain and in lowland pastures in South
Italy. Lack of grazing planning may induce overgrazing in some lowland areas with abandonment of far
reaching grazing grounds.
2.1 Impacts of abandoned lands
It is debated whether the effect of the abandonment could be positive or negative (Corti et al., 2013). Under
limiting water, like in most Mediterranean countries, and nutrients conditions causing low soil fertility and
vegetation production, abandonment could enhance land degradation, while under more favourable
conditions abandoned land can be rapidly colonized by vegetation facilitating the accumulation of soil organic
matter and, in turn, increasing the overall soil fertility. At the same time increased plant biomass in
abandoned land also could create higher\risks of wildfire, and thus, the soil could return to a status more
susceptible to erosion. Several studies have suggested that a reduction of human population density in
agricultural regions can produce indirect environmental benefits, with abandonment of marginal agricultural
lands (both for cultivation and for pasture) and substantial forest regeneration. Moreover, it has been
suggested that an increase in intensive agriculture can potentially reduce the ecological footprint related to
food production allowing for the preservation of less productive lands. We argue that these considerations
cannot be considered to hold for Italy and for the Mediterranean basin in general, where the integration
among biodiversity and traditional human activities is much tighter than in the North American context (Corti
et al., 2013). In the Mediterranean, agricultural intensification has led to a widespread decline of farmland
biodiversity for many taxa, cessation of pasture grazing and increased reforestation have reduced the
availability of habitats for many species, and an increase in the size of cities has led to large ecological
footprints.
Soil erosion can be explained by agricultural abandonment (Arnaez et al., 2011). With terrace abandonment
and cessation of maintenance of the drainage systems, the soils have became saturated, and natural
mechanisms previously controlled by human intervention have begun to restore the original profile of the
hillside.
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2.2 Impacts of overgrazing
Animals have erosional impacts on the land surface in both direct and indirect ways (Evans, 1998). Directly,
animals can create and then maintain and expand areas of bare soil, upon which the weather acts; indirectly,
by facilitating the rapid runoff of rainfall which may only slightly erode the surface upon which it gathers but
which can down valley incise into the ground surface forming gullies. Animals impact on the landscape to
create bare soil, by weakening the vegetation cover by grazing and then by breaking this cover down by
trampling. Trampling maintains and expands the area of bare soil upon which frost, rain and wind act. Animals
prefer green vegetation and in arid semi-arid areas will concentrate on those areas where green shoots
survive longest, especially on flood plains, in valley floors or in drainage lines. The surfaces of these areas are
constantly trampled, therefore, and vegetation may be destroyed. As vegetation cover, both living and dead,
declines so the severity of erosion increases. On arable land the critical amount of cover which protects the
soil from water erosion is about 30% (Evans, 1990b); less than this erosion increases rapidly in severity; more
than this, amounts eroded are low. However, in some grazed semi-arid areas cover as low as 15% has largely
protected the soil from water erosion; in other grazed localities the threshold cover could be as high as 7585% (Evans, 1998). Both the amount of vegetation eaten by livestock as well as the number of hooves which
are impacting on the land need to be taken into account when assessing the erosional impact of animals.
Grazing intensity is the number of animals which graze a range, expressed in ha/animal or livestock unit.
Grazing intensity is usually given on an annual basis. Intensity is often underestimated for young un-weaned
animals are not counted. [t is the maximum grazing intensity which is of greatest interest, for it is at this level
that most vegetation is removed and trampling damage inflicted. Whether grazing recover in periods of less
intense grazing is also of interest, for example, when animals have been removed for sale at market. Grazing
intensities range widely according to climate and vegetation and soil. Many studies have been made of runoff
and erosion on grazed plots of various sizes using both simulated and natural rainfall, and in small
catchments, especially in the USA. As grazing intensities increase runoff and erosion increase, particularly
where plots or catchments are heavily grazed (Evans, 1998).
Cattle can physically initiate gully erosion, and break down stream channel and gully banks. This direct
erosional impact is exacerbated by an indirect effect of the grazing animal, an increase in runoff from the
land which, when it is confined has the power to scour, incise and cut back up-valley, as described by Duce
(1918). Many plot and catchment studies in both semi-arid and temperate locations show that heavily grazed
ranges produce more runoff and runoff events and sediment than less heavily grazed ranges. The greater
runoff is related to a number of factors: on heavily grazed rangelands there is less vegetation biomass and
cover, both live and dead, which use less water so the topsoil is moister; an increasing amount of bare soil of
decreased aggregate stability; an often denser, less porous topsoil with a platy structure; and lower
infiltration rates.
In general, erosion initiated and exacerbated by grazing animals is widespread throughout the world's
rangelands. But in rangeland science the impact of grazing animals on a landscape is dominantly discussed in
terms of their impacts on vegetation - species change and how many animals a range can carry - not erosion
(Evans, 1998). Even when the concept of carrying capacity is questioned, it is still the productivity of the
vegetation
and its importance to the livelihood of the grazier / herder that are stressed. Over the short term this is
probably has to be so, for the amounts of bare soil exposed and the gullying have little direct economic
impact on the grazier/ herder; for even when there is much erosion, it is likely there is still sufficient
vegetation to feed the herders' animals. However, the appearance of erosional features indicates to
managers and researchers that a non-favourable state is being arrived at during transitions between grazing
states.
Over the longer term, the redistribution of soil within a catchment may not be economically damaging and
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can be considered as a part of an erosion/ deposition cycle. However, where infertile subsoils are exposed,
or where in humid localities soil depth is reduced sufficiently to affect the availability of moisture for grass
growth, it is likely the long-term impacts of erosion will be severe.
Although arid and semi-arid ranges may appear to recover after drought the gradual increase in area of bare
soil over time which must happen unless animals are kept off the range will have an impact on the carrying
capacity of the land. It is the downwind or down-valley impacts of erosion which are probably most important
over the short term - the encroachment of dunes on to productive land, the infilling of dams by sediment or
the flooding of settlements. What may be even more important is the faster flow of water through a
catchment, especially in arid and semi-arid rangelands, so that in headwater catchments rainfall does not
seep down to aquifers and replenish water tables.
In particular, the cattle grazing on the terraces seems to have a major role in surface erosion processes in
Spain (Arnaz et al., 2011). With high grazing intensity, runoff and erosion become more active, whereas
terraces subject to less cattle use tend to show greater geomorphological stability. In rain simulations the
runoff coefficient and soil loss for heavily grazed terraces were 0.6- and 1.5-times higher, respectively, than
on lightly grazed terraces. The consequences of intensive grazing on soils have been highlighted by Evans
(1998). The introduction of cattle to a terrace results in a rapid change in the composition and distribution of
plant species, and patches of bare and compact soil develop. Changes in the soil surface because of cattle
introduction reduces infiltration rates and generates runoff. Ungar et al. (2010) indicated the effects of
livestock traffic on rock fragment movement on hillsides. Similarly, Okayasu et al. (2010) showed the
importance of livestock trampling in land degradation.
Also in Sardinia (Italy) some processes of soil degradation are occurring due to the impact of intensification
in the most favourable areas. One case is that of the anthropic salinization, which is related to the overpumping of coastal groundwater that has caused the infiltration of the sea (Corti et al., 2013).
In Israel, continuous heavy grazing during the early growing phase of a seasonal pasture can delay range
readiness, reduce primary prodution, and restrict intake by grazing animal (Gutman et al., 1999).
In general, many rangeland vegetation types have greater grazing intensities than an estimation of their
carrying capacities would suggest, especially just prior to a drought. Although grazing will change vegetation
types and reduce biodiversity the land may retain its inherent productivity, but this will be lost if accelerated
soil erosion takes place. To stop erosion induced by the grazing animal, the population, social, economic and
political pressures, which brought about the increases in numbers of animals need to be addressed. There
may have to be a shift of the grazier's attitude - from how many animals are needed to graze a range to give
a living, to how many animals can graze an area before erosion is initiated. In the latter case, for an individual
grazier, the area of land required may be many times larger than that which is presently grazed. The creation,
or not, of bare soil is probably a much better indicator of sustainability than trying to assess changes in
vegetation productivity. The initiation and expansion of bare soil, and the formation and extension of gullies,
need to be monitored in rangelands, as well as the changes in forage. This task may be easier to do than
trying to assess the resilience, changes and productivity of the vegetation. Computer modelling, can be an
helpful tool in assessing the erosional impacts of grazing, especially in arid and semiarid areas where the
variation in vegetation cover from year to year is so great that over the short term it may mask the formation
of bare soil by animals. Monitoring erosion may also help attribute which of climate change or the grazing
animal is the most important in creating bare soil and increasing runoff on rangelands. On balance, presently,
the evidence points to the grazing animal (Evans, 1998).
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3.

Anti-erosive (SWC) practice case studies to reduce the impacts

3.1 Europe
In Europe, transition models in pastoral societies and systems are focussed on the intensificationextensification debate as two contrasting threats, and land abandonment is considered the most extreme
form of extensification. Caballero, 2015, argue that the changes in the European pastoral systems of the
marginal areas cannot be look in a logic that merely oppose an extreme form of extensification (land
abandonment) to a form of conventional intensification (saving labour and increasing external inputs). A new
form of intensification is required to sustain these systems and their land assets. Based on base-knowledge
of components and functions of the different systems, and after testing management alternatives were
selected in different areas of Europe following experts’ account. The suggested alternatives are systemspecific, but could be supported by a general policy framework and rationale of targeting funds and removing
constraints. In general, current European pastoral systems are recognized as repositories of natural values
and cultural heritage but face an uncertain future. Caballero et al. (2015) showed that these systems are not
inherently unprofitable and that there are alternatives to improve their options.
In many parts of the world, government policies undervalue or actively discourage pastoralism, especially
mobile pastoralism. Europe is an exception to this trend. Backed by scientific evidence, European Union (EU)
policies officially endorse low intensity, transhumant livestock management in Europe as a source of diverse
environmental, economic and cultural benefits. The European Commission considers that the extensive
management of livestock on pasture land can assist in halting biodiversity decline, and the Commission
promotes this type of land use, which it terms High Nature Value (HNV) farming. Pastoralism is actively
supported in European countries by the EC through funds distributed to farmers through the Common
Agricultural Policy (CAP).
Farmers whose management of land and livestock meet certain CAP criteria are eligible for EC payments,
through a number of different, sometimes complex and overlapping schemes. A major redirection of EC
agricultural policy since 2003 has altered the incentive structure for how land and livestock are managed, as
farmers no longer receive subsidy payments per head of animal owned (which prioritized farm output),but
can now receive payments according to the category of the land they use and the husbandry methods they
practice. These new policies deliberately favour environmental protection. The ambiguities resulting from
efforts to simultaneously support cultural heritage, traditional practices, economic development,
environmental protectionism and pan-European policies are again apparent in how extensive and
transhumant livestock rearing is changing in modern Italy and Greece.
SPAIN
Arnaez et al. (2011) studied the landscape evolution and soil erosion in the Camero Viejo region, located in
the notjh western part of the Iberian Mountain Range. It is a mountain area representative of a
Mediterranean mid-mountain area, where management has suddenly changed from intensive use over many
centuries to severe social and economic isolation in recent decades. One of the changes is related to the
abandonment of a large part of the traditional farming area, decreased sheep and goat numbers, and an
almost complete loss of small craft workshops and local industry are all indicative features. The present
farming systems rely on extensively managed beef cattle, and agricultural practices suitable for
mechanization. . Soil erosion and surface runoff are among the impacts of agricultural abandonment on
terraces. Pasturelands was studied among others land uses. In particular, rainfall simulation were carried out
on heavily grazed terraces (1.5 ha per head of cattle) and on lightly grazed terraces (2.5–5 ha per head of
cattle).
The results showed that runoff was greater (runoff coefficient 38 %) on heavily grazed terraces than on lightly
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grazed terraces, which had a runoff coefficient of 20.1 per cent. The time lag was much shorter for heavily
grazed areas (550 s) than for those lightly grazed (900 s). Runoff transported more sediment (25.8 gm-2 h-1)
from heavily grazed terraces than on those that were lightly grazed (10.2 gm-2 h-1) (Table 3.1).
Table 3.1 Summary of hydrological results and erosive response of rainfall simulation test (average and
standar deviation)

The cattle grazing on the terraces seems to have a major role in surface erosion processes. With high grazing
intensity, runoff and erosion become more active, whereas terraces subject to less cattle use tend to show
greater geomorphological stability. In rain simulations the runoff coefficient and soil loss for heavily grazed
terraces were 0.6- and 1.5-times higher, respectively, than on lightly grazed terraces. Changes in the soil
surface because of cattle introduction reduces infiltration rates and generates runoff.
The agricultural abandonment and the expansion of woods and scrubland have some positive effects, such
as greater CO2 adsorption, increased biodiversity, improved regulation of runoff, decreased erosion and
increased availability of timber. Plant cover expansion also has negative effects, including a greater risk of
the occurrence and spread of fire, reduced water availability in flat areas, fewer grazing resources, an
increase in the imbalance of pastures between summer and winter, a reduction of local species, and the loss
of flora and fauna diversity associated with humanized landscapes. (The case study is reported in the Annex
1).
Castile-La Mancha is one of the Large Scale Grazing System selected inside the LACOPE project (2002)
(Caballero, 2015). The main livestock operation are milk- and meat oriented sheep and goats flocks. The main
pastoral resources are agricultural residues of arable land (stubbles) in the Castilian Plain and semi-natural
pastures and Mediterranean forest in the mountains. The conventional management is characterized by
privately-owned unfenced plots of arable farmers and landless pastoralists using the same land. The actual
trend is characterized by an intensification of arable farming by habitat homogenisation and cultivation
intensity that is reducing opportunities of landless sheep farmers to use pastoral resources in arable land
(stubble and fallow). Sheep farmers are reacting with less grazing days and progressively more in-door
feeding operations. The management alternatives suggested in the LACOPE Project following experts’
account are 1. Changing the crop rotation (from cereal-fallow to cereal-annual legumes). 2. Extending grazing
on fallow-lands (green fallows). 3. Improving grazing infrastructures and grazing rights al location. Anyway,
Caballero et al (2011) reported that the results in LACOPE indicated that LSGS are, however, at a crossroad
and partially responding to incentives of intensification by cutting intensive-herding labour costs and less
labour demanding operations (in Castile-La Mancha). In these cases, a conventional intensification path was
broadly incompatible with the maintenance of land-based pastoral systems in the less favourable grazing
grounds. If LSGS are to be maintained, a new development paradigm is required based on a differentiated
diagnosis process at the European scale. The objective of this process would be to integrate these systems in
the general path of economic development, turning inwards for reforms and outwards for development,
without losing their main assets. Currently, LSGS can only be maintained by beneficiaries paying an extra
price for their regional products and/or by public support. In this latter case, government intervention should
be regionally targeted, once the main constraints are disentangled. (The case study is reported in the Annex
1).
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Molinillo et al. (1997) studied the evolution of grazing resources in fields of different ages of abandonment,
in relation to plant succession and to the different ways in which the fields are abandoned in the Aı´sa Valley,
central Spanish Pyrenees.Moreover, as one of the most important aims of land management must be to
minimize soil erosion risks, information on the hydro-morphological functioning of different environments in
abandoned fields was also provided as a basis to predict the effects of a generalized retrieval of old fields. In
particular, experimental plots with different plant cover densities and erosion processes were monitored.
Between 1990 and 1992, 19 closed plots were installed on slopes cultivated between 30 and 50 years ago
and now abandoned. All the plots are small in size (from 2.5 to 3.5 m2); the plots have different cover. The
surface occupied by abandoned fields covers an area of 1146 ha, 14.05% of the valley. These are generally
located on sunny hillsides, with slopes between 20% and 40%, and at altitudes between 900 and 1200 m,
although the highest abandoned fields are found at 1450 m asl. In order to compare soil erosion and runoff
under different plant covers, small experimental plots were used. Figure 3.1 gives information on runoff and
sediment concentration from each plot. It is important to note that these measurements are only for
comparative purposes, that is, to show orders of magnitude of overland flow and erosion in different
environments; in no case can they be used as absolute coefficients or rates. Plots with dense shrub cover
record the lowest runoff coefficients, because of the effect of the vegetation, which encourages infiltration
in a deep and-well structured soil, increasing rainfall interception at the same time. In fact, almost all the
precipitation is utilized in the plot, with very little output of water in the form of surface runoff, but as the
density of the shrub cover decreases, the quantity of runoff increases by several orders of magnitude,
suggesting that once the opening of the shrub cover begins, overland flow increases morethan might be
expected. The greatest runoff is from plots where the shrub cover is 40%–60%, and surprisingly, plots with
the least shrub cover (15%) yield a moderate quantity of runoff— even lower than plots with 85% of shrub
cover. This is probably due to the high quantity of stones on the surface (stoniness equal to 100%), which
encourages infiltration, as several authors have shown. Thus, a clear trend can be established between the
most dense and the most open shrub cover, showing a sudden increase of runoff when the presence of
bushes diminishes, up to a threshold beyond which overland flow decreases again due to the high stoniness,
evidence of a previous stage of intense soil erosion. A very interesting point is that meadows yield high
quantities of surface water, with very similar measurements to those of the highest values from the open
shrubland.
Sediment yields can be analyzed in terms of both sediment concentration (milligrams per liter) and soil loss
(milligrams per square meter2 ). Both measures are very similar, although interesting trends can be
distinguished. Plots with a dense shrub cover record the lowest concentration, followed by the meadows.
The highest sediment concentration is recorded in the plots with 60% shrub cover. In plots with 15% shrub
cover the water contains almost as much sediment as the more hydrologically active plots. From this one can
conclude that stones encourage infiltration but that runoff can still mobilize sediments, probably from
between and under the stones. The soil loss data show that plots with a dense shrub cover have a moderate
behaviour with very small sediment output. When plant cover density is reduced from 100% to 85%,
sediment yield multiplies 10-fold, demonstrating the importance of a nearly complete plant cover. As the
density of plant cover decreases, soil loss increases rapidly, reaching the highest values around 40%–60%
shrub cover. Meadows have a moderate soil loss, although erosion is higher than in the areas of dense shrub
cover. From a hydro-morphological point of view this means that meadows yield much water but it is
relatively sediment free, and this is why selective clearing can be considered as a good management strategy
for abandoned lands.
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Figure 3.1 Runoff and sediment yield under different plant cover.
ITALY
As it was highlighted before, the balance of forests, crop land and pasture land has altered in the past half
century in Italy. Livestock rearing has become more intensified and spatially concentrated, and rural
outmigration has left large pasture areas abandoned, under-grazed and reverting to forests.
Primary agricultural production in Italy, even when intensified with the introduction of modern technologies
where possible, is not sufficient to make income levels attractive enough to induce people to remain in rural
areas. Multi-functionality of agriculture activities and the diverse association of trees, crops and livestock
thus represent important means for raising the value of Italian agricultural lands (Pardini et al. 2008).
According to this point of view, the management of agro-silvo-pastoral systems should maintain an
agronomic orientation while simultaneously taking into consideration the added value of quality foods and
cultural uses of the land (Pardini 2007).
As part of the wider European Union (EU) Common Agricultural Policy (CAP), Italian agriculture currently
receives subsidies that aim to favour the sustainable management of rural areas and to limit further land
abandonment, which typically affects marginal hilly and mountain areas (Pardini and Nori, 2011).
On the basis of EU CAP policies (Reg. CE 1257/1999 and later Reg. CE 1968/2005) Italy has passed laws that
favoured landscape variability, complex agro-silvo-pastoral systems and in support of land use diversification
through forms of service provision (Italian law 228 issued on 18 May 2001). Such regulation also provides
support to integrated and organic agriculture with the aim of enhancing the management of the rural areas
for environmental conservation, landscape beauty and conservation of biological diversity. The same
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directives have been acquired also in the Rural Development Plans approved by some regional governments.
These changes in the national and regional legislation will promote the association of trees with pastures and
cropped fields and, in turn, further favour the organisation of agro-silvo-pastoral systems (Pardini and Nori,
2011).
Interesting added values for agro-silvo-pastoral systems are quality foods, livestock and crops grown with
environmental friendly methods (low external inputs, little or no use of chemicals, certifications of organic
or biodynamic produce) as well as agri-tourist activities. (The case study is reported in the Annex 1).
Massa and La Mantia (2007) analysed some changes in Sicily related also to pasture. They reported that
because of land abandonment, a recent increase of pasture areas produced an increase of sheep, and no
cattle. The latter indeed are preferably reared in modern structures. They reported that among the main
causes of erosion in Sicily there is overgrazing. Also, the abandonment of agriculture seems to have produced
degradation more than a re-naturalization process. Only where wildfire and pasture are absent, the
renaturation stopped the degradation. Human activities, indeed, induced changes as the loss of soil, exposing
subsoil or bare rock, and consequent changes in environment or vegetation. The suggested changes on the
pastoral agroecosystem are food diversification and reduction of stock breeding. (The case study is reported
in Annex 1).
The Mediterranean islands include a few areas with a dehesa landscape. In Sardinia, some extensive farm
systems have many traits similar to those that characterise a „dehesa type‟. This is an agro-forestry system
that is mostly characterised by scattered oak trees where the ground surface is covered by native vegetation,
which is dominated by annual herbaceous species. Beef cattle are present on a few of these farms, whereas
suckling-cow management is widespread. In this system, the calves are grown with the mother on pasture
until 6-8 months of age, and then they are sold. One of the main problems here is the inadequate herbage
production on the natural pasture during the winter season, when the energy requirements of the flocks are
highest. Therefore, in many of these livestock systems, winter cereals and annual forage crops are cultivated
in the most favoured areas, and mineral fertilisation is used, for mainly nitrogen and phosphorus. The aim of
the study of Salis (2009) was to analyse the „dehesa-type farm system‟ of a representative area of the Gallura
region, with the survey focussed on the different grassland management and grazing systems, and on the
characteristic traits of these livestock farms. This study was carried out during the two-year periods of 200809 and 2009-10, in the territory of the Berchidda and Monti municipalities, which are part of the Gallura
region.
The aim was to study the effect of grazing system typologies (GS) and grassland management (GM) on
pasture biodiversity a study was carried out in six livestock farms located into the Dehesa landscape of
Sardinia Island. Farms were characterized for some structural and economic traits. Sampling areas were
located in thirteen pastures of farms characterized by different GS (beef and dairy cattle and dairy sheep),
and by different type of GM (short, medium and long rotation with forage crops). The effects of GS and GM
were evaluated on pedological characteristic, forage production and botanical composition of pasture.
Chemical fertility parameters of soil, herbage mass and balance between botanical families in pasture were
influenced by GS. GM affected herbage mass only the first year. Moreover, the farm with the highest level of
land available and the maximum use of grazing needed the lowest quantity of supplements, and had the
highest net income. Moreover, the highest milk production per head confirms the efficiency of the system.
It can also be noted that in the sheep farms, the most extensive management is also the most economically
sustainable system. (The case study is reported in the Annex 1).
FRANCE
Among the quality schemes analysed in France (Aubron, 2014), the registration of local bovine and ovine
breeds sometimes crossbred to improve their performance, is coherent with the pastoral character of the
livestock farms (Lambert-Derkimba,2007). These breeds adapted to environmental conditions effectively are
able to make better use of local feed resources.
Certain specifications codify product transformation and conservation processes, thereby guaranteeing the
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expression of specific qualities conferred by the pastoral character of livestock farming practices.
To preserve or secure market share, certain quality schemes have made choices regarding the quality and
seasonality of production that are incompatible with pastoral practices. Staggered production responds to
the needs of downstream operators, particularly supermarket chains which are the main outlets of the
quality schemes studied and which seek regular supplies over the year.
Moreover, analysed quality schemes in France can contribute to territorial development. The maintenance
of farm density and farm jobs is an essential component of the development of these rural areas. The data
that could be gathered suggest that in the territories studied, the rate of reduction in farm numbers is
comparable or indeed below French averages, even if in none of the cases studied has the presence of quality
labels managed to stem the erosion in farm numbers. The presence of livestock sector operators and
collection and transformation tools on the territory is another factor of development. As shown in the
literature, the collective character of quality schemes also is what contributes to territorial development.
Lastly, quality schemes and certain activities associated with them mutually benefit from their shared
presence in the territory (i.e. tourism) (Aubron, 2014). While the economic activity generated by quality
schemes is undeniable, it nevertheless remains, as mentioned previously, not enough to stem the erosion in
farm numbers on the territories involved. The structural evolution of farms continuing livestock activities
shape the form that pastoralism will take in these areas in the future. The cross analysis that we have
conducted shows a particularly distinct trend on the part of farms involved in quality schemes to increase
their size and equipment level. So, quality schemes can contribute to the recognition of pastoral livestock
farming practices, but they also tend to constrain them. To better respond to downstream demands, the
schemes make choices regarding volumes and the seasonality of production that sometimes are inconsistent
with pastoralism. Furthermore, while they undeniably contribute to territorial development, increases in the
size and level of equipment of farms engaged in quality schemes are jeopardizing their genuinely pastoral
character (The case study is reported in the Annex 1).
Among the agri-environment programmes, part of the CAP and now a key policy tool in the delivery of EU
environmental priorities on farmland, in France, the national programme of the 2007-13 Rural Development
Programme, (RDP), the Plan de développement rural hexagonal (PDRH) sets nine agri-environment schemes.
Among the different schemes, the scheme A is relative to extensive grazing and it is an “Entry-Level” scheme
applied at national level. “Entry-level” is a relative term describing environmental management which varies
from one RDP to another but is designed to deliver incremental improvements just above the environmental
reference level which all farmers must observe as the baseline for agri-environment payments. There have
been no systematic studies at EU level specifically of entry-level agri-environment management, nor any
attempt to provide a comprehensive typology. The aim of the extensive grazing scheme is to stabilise
grassland management in areas threatened by abandonment and to maintain environmentally friendly
production methods, encouraging reduced levels of nitrogen fertiliser use, longer grassland rotations and
protection of biodiversity features. The scheme to diversify crop rotations is aimed at reducing the need to
use plant protection products by creating a longer interval before a crop returns to the same plot (and thus
disrupting the cycle of crop-specific pests); an additional objective is limiting run-off by planting a more varied
range of crops (Keenleyside et al., 2011).
PORTUGAL
Since 1992 agri-environmental issues have gained attention by reforms of the CAP. For instance by supporting
environmentally friendly land use, such as permanent pastures in less-favoured areas (LFA) that are only
marginally suitable for alternative farming practices. Conventionally in Portugal farmers resow pastures to
obtain more palatable swards constituting a form of ley farming (rotation of crops with legume or grass
pastures). Sometimes fire is also used to eliminate shrubs and obtain re-sprouts. Both tillage and fire have
damaging effects on soil structures and fertility. Evidence of that is shown in several studies (Jones et al.,
2016b). Therefore reducing pasture renewal interventions can bring significant environmental benefits.
Jones et al. (2016b) evaluated the effect of the implementation of two agri-environmental measures (AEM)
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in two research areas in Portugal: Traditional Mixed Farming (TMF) in Centro and Extensive Grassland (EG) in
Alentejo for the implementation period 2005–2009. TMF and EG were among the most popular AEM,
accounting for over 30,000 AEM agreements in Portugal, covering 30% of the total area under AEM
agreement (655,274 ha) and about the same share of total AEM budget (386 million €) (Agro.Ges, 2009).
Both measures supported permanent pastures, defined as “land uses to grow grasses or other herbaceous
forage naturally (Self-seeded) or trough cultivation (Sown) and that has not been included in the crop rotation
of the holding for five years or longer” (EC, 2004, art 2 n.2). This definition excludes ley, but includes a large
array or permanent pastures from poor semi-natural grasslands to improved pastures with clover species. In
particular, the TMF measure was designed with the objective to keep extensive animal production within a
permanent and arable cropping mosaic, with the ultimate objective to avoid forest fires. The EG measure
was designed with the objective to increase the area of permanent grassland and maintain low stoking rates
in order to mitigate erosion processes.
Jones et al., 2016b found that the implementation of TMF in Centro and EG in Alentejo, indicate that the
participation in preserving permanent pastures has been rather low in both regions. Nevertheless, these
measures contributed to the upkeep of extensive livestock production with about 65% of participant farms
achieving the expected policy result (maintenance or intensification of livestock keeping), although the effect
was only significant in Centro. TMF and EG measures were effective in preserving the number of grazing
livestock (goats and sheep, in Centro and Alentejo, respectively). These effects on livestock appeared to be
associated with increased vegetation cover on participant farms in Centro, and with a tendency towards
maintaining the pre-existing vegetation cover in Alentejo. These results suggest that although AEM were
effective in preserving grazing livestock, changes in grazing practices have not led to a significant
improvement of the conditions to reduce the risk of wildfire and soil erosion. This should be taken into
account in the design of new AEMs. (The case study is reported in the Annex 1).
Texeira et al., 2011 The development of the SBPPRL system in Portugal (one of the three main grassland
systems: natural grasslands, fertilized natural grasslands, and sown biodiverse permanent pastures rich in
legumes, SBPPRLs). started in the 70’s decade. SBPPRL consist of diverse mixes of up to twenty different
species or varieties of seeds, and are rich in legumes. Commonly SBPPRL are more productive, than natural
grasslands, and are also richer in number of species. There are fewer gaps in plant cover throughout the
plots, since species variability ensures that the species most suited for each spatial condition will thrive. Even
though there is a well documented experience with the use of sown pastures (FAO/CIHEAM, 2008), this
specific system only exists in Portugal and, to a lesser degree, Spain and Italy. There are many studies on the
role of biodiversity in productivity, but SBPPRL remain the only widespread large-scale application of what
may be called “biodiversity engineering”. The seed mix is designed specifically for each location after soil
analysis. Legumes are thus very common in these mixtures and cover more than 50% of first-year SBPPRL. As
pasture settlement progresses, legumes increase and eventually dominate. The higher plant productivity of
SBPPRL implies increased atmospheric carbon capture through photosynthesis. Part of the biomass produced
is stored in soils due to the high density of yearly renewed roots. Storage is in the form of non-labile soil
organic carbon (SOC), which is part of the soil organic matter (SOM) pools. SOM pools are also increased by
leaves’ senescence, and by animals returning undigested fibre to the soil. SOM is a particularly important
parameter in soil management, especially in mineral soils in Mediterranean and semi-arid countries where
its concentration is low. In these conditions, increasing SOM concentration has several agronomic and
environmental benefits, ranging from increase in water holding capacity to soil protection and carbon
sequestration. (The case study is reported in the Annex 1).

GREECE
Kairis et al. (2015) investigated the effect of two grazing intensities on runoff, and sediment loss in a rural
area sensitive to desertification in the Asterousia region (Crete) for three consecutive years. The field survey
was carried out on a pasture land covering 2 hectares. The field is located on a steep south-facing slope (slope
gradient: 23%) with well drained and moderately deep (45–65 cm) soils characterized by sandy-loamy
texture. Four experimental plots have been installed. Two grazing intensities were tested: (i) sustainable
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grazing and (ii) overgrazing, with two replicates each. Based on field measurements, interviews with local
farmers and statistical data, grazing intensity in each plot was estimated at the beginning of the study (i.e.,
during 2008 grazing season) according to previous data The two ‘‘sustainable grazing’’ plots were fenced and
grazing pressure was maintained stable and slightly lower than the grazing capacity during the examined time
interval. The two ‘‘overgrazed’’ plots were unfenced and grazing pressure was maintained always higher than
the estimated grazing capacity. All these operations were carried out in cooperation with two farmers residing
in the area. In Table 3.1 average annual value of water runoff, sediment loss, soil moisture (20 cm depth), and
soil temperature collected in the area are reported. Moreover, significant differences in plant cover between
sustainable grazing and overgrazing conditions were observed with plant cover being higher in the sustainable
grazing plot compared with the overgrazing plot. The Desertification Risk Index (DRI) score estimated
according to the Desertification Indicator System for Mediterranean Europe (DIS4ME) under the physical,
environmental, and land management conditions observed in the study area amounted to 5.9 and 7.3,
respectively, for plots under sustainable grazing and overgrazing. This study highlights the key role of grazing
intensity in soil erosion, soil water conservation, and land degradation of Mediterranean pastoral landscapes.
The study demonstrates that land management practices have a significant impact on soil erosion, water
conservation, and desertification risk. Sustainable grazing contributes to preserve a moderate annual
vegetation cover determining a reduced runoff, sediment yield, and loss of soil water by evapotranspiration.
Plant cover can be seen as a key factor controlling water runoff and sediment loss, confirming previous
research carried out in different environmental conditions. The results prove that sustainable grazing is an
effective management practice to protect grazing land from soil erosion.
Table 3.1 Average annual value (and coefficient of variation) of water runoff, sediment loss, soil moisture (20 cm
depth), and soil temperature in the study area

Mamòlos et al. (1997) investigated the effect of various grazing treatments on vegetation cover and
consequently on runoff so as to determine the critical cover needed for adequate soil protection on a
grassland with sandy loamy textured soil. In particular, the relationship between grazing intensity and water
loss by overland flow was studied through modification of vegetation cover by grazing, on a grassland of
moderate slope at plot scale (5 x 5 m). Two grazing intensities were applied during May to achieve a low
(47%) and a medium (63%) vegetation cover, while a plot was protected (control) with a high (90%) cover.
Simulated rainfall was applied to each 8.7m2 plot before and after grazing by sprinkling at a rate of 140
mm/hr for a duration of 30 minutes. Three repetitions of each treatment were tested.
The results showed that grazing and Ν application did not influence vegetation production and productivity.
The limiting factor was water in the study area for the growing season 1992-1993. High rainfall at the end of
spring (90 mm) and the beginning of summer (100 mm) led to a significant increase of the aboveground
biomass and productivity at the end of July and beginning of August. Applied Ν and grazing had no effect on
vegetation, because plant species sensitive to drought, which animals prefer to eat, and Ν application which
usually influences their production, were reduced in density and some of them disappeared in 1992. Total Ν,
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Ρ and Κ were not affected by any of the tested treatments. Total Ν availability in soil was not influenced by
Ν addition. (The case study is reported in the 1).
Hellali and Nastis (1997) investigated the effect of various grazing treatments on vegetation cover and
consequently on runoff so as to determine the critical cover needed for adequate soil protection on a
grassland with sandy loamy textured soil at Chrysopighi, Macedonia in northern Greece . In particular, The
relationship between grazing intensity and water loss by overland flow was studied through modification of
vegetation cover by grazing, on a grassland of moderate slope. Two grazing intensities were applied during
May to achieve a low (47%) and a medium (63%) vegetation cover, while a plot was protected (control) with
a high (90%) cover. Simulated rainfall was applied to each 8.7m2 plot before and after grazing by sprinkling
at a rate of 140 mm/hr for a duration of 30 minutes. Three repetitions of each treatment were tested.
The results showed that runoff production was significantly higher in plots with low than with medium and
high vegetation cover (Table 3.1). It was increased drastically after 5 min of rainfall application at the low
cover (Fig. 3.2). On the contrary, with full and medium vegetation covers runoff was maintained almost
constantly at relatively low levels (0.7 and 2.5 percent of all the applied rain water respectively). Runoff
production increased with the duration of rainfall application. Moreover, critical vegetation cover for
acceptable runoff rate on a sandy loamy soil with moderate slope was 50%. (The case study is reported in
the Annex 1).
Table 3.1 Mean values of litter weight (t/ha) biomass weight (t/ha), soil bilk density (g/cm3), initial soil
moisture content (%) and water runoff (It) under various vegetation covers.

Figure 3.2 Runoff production as influenced by the vegetation cover and rainfall duration. (LVC = low
vegetation cover, MVC = medium vegetation cover, and HVC = high vegetation cover).
It does not seem that the new EC CAP environmentally-focussed farming policies have had much impact on
Greek livestock armers, due to the uneven application of EC CAP facilities by local authorities. Of much
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greater impact are the national social and economic trends such as rural outmigration, rising demand for
sheep and goat dairy products (produced under hygienic conditions) and the greater productivity of arable
farming which has lowered the cost of livestock feed. There are policy efforts to reverse these trends and
encourage more “eco-friendly” techniques, organic products and touristically - appealing pastoral farming.
Hadjigeorgiou (2011) points out the serious risks to the cessation of free-range grazing by livestock; the
alteration of vegetation dynamics and the invasion of woody species that fed the forest fires that engulfed
Greece over several summers and caused immense damage. The role of grazing in reducing the risk of fire
provides an additional practical argument for strengthening the pastoral livestock sector in the
Mediterranean lands.

3.2 Asia
ISRAEL
Deferment of grazing at the beginning of growing season (during the initial regeneration stage) of a
Mediterranean type grassland, especially at high stocking rate (over 0.67 cows ha-1) is a management option
that can allow the herbage to grow to a threshold beyond which the rate of new plant growth will be
substantially greater than the biomass consumption rate by the grazing livestock in Israel. With this practice,
annual animal production at a high stocking rate (0.83 cows per ha) can be maintained at a level not
significantly different to that attained with continuous grazing at lower stocking rates (0.50 cows per ha). The
reason for this is the rapid growth rate of the vegetation, which exceeds consumption rates and creates an
abundance of herbage that does not limit intake even at high stocking rates. Grazing deferment also involves
special feeding arrangements for the livestock when they are not allowed free access to the range.
TURKEY
Further degradation of Turkish rangelands cannot be allowed and range management practices that are
relevant to the communal rangelands of Turkey must be developed and implemented. The National Range
Management and Rehabilitation Project was conducted from 2007 to 2011 as part of the Rangeland Act.
Rangeland condition and health, common plant species and their distribution, and season of grazing of the
major rangeland types were determined and mapped using geographic information systems and satellite
imaginary. This information was the basis for development of improvement and management
recommendations for the major rangeland types. Range improvement and development projects planned
and implemented by local range management offices initially showed promise but most have failed because
grazing pressure could not be controlled. There appears to be a need to re-examine grazing policies and
regulations on the communal rangelands of Turkey. The degradation of Turkey’s land resources has given
rise to a discussion concerning agrarian reform and land ownership and allocation.
Major questions include whether rangeland ownership should be converted from the public (communal) to
the private sector (individual) and whether long-term land leases to individuals should be considered. The
reasoning behind these proposals is that individuals will better manage rangelands for sustained use and that
the Ministry of Agriculture can influence land management more effectively through individuals than
communities. Regardless of the politically related issues of agrarian reform and land ownership, there are a
number of other rangeland issues that need to be addressed. Rangeland management and development in
Turkey is based on the Clementsian plant succession or climax model. Many of the Clementsian model
principles and associated assessment procedures are not relevant to the rangeland situation in Turkey. A
model is needed that can guide managers and advisors in managing and assessing Turkey’s rangelands—
rangelands that are degraded and driven by unique sets of environmental and anthropogenic factors. The
Ministry of Agriculture and the range profession is in the midst of moving from the plant succession model
to the state and - transition model. A major effort is underway within the Ministry of Agriculture to identify
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ecological sites and associated plant communities, and to develop ecological site descriptions. A principal
component of the ecological site descriptions would be to identify stable states and transitions between
states and associated carrying capacity and grazing practices. The rangeland health approach used in the
United States also is viewed as an important assessment tool. Rangeland health could provide the
information needed to evaluate rangelands and effectiveness of rangeland programs administered by the
Ministry of Agriculture through the Rangeland Act of 1998.
Turkish rangeland scientists and managers also are committed to maintaining the biodiversity on their
rangelands. With Turkey located at the intersection of Asia, Europe, and Africa, plant diversity is very high
and Turkish rangelands are the source of forage plants and cereal crops used throughout the world. Plant
breeding programs continue to use Turkey as a source of plant material.
Turkish traditional range management practices and systems were adapted to local conditions and critical in
the sustained use of rangeland resources for millennia. Current managers, advisors, and policymakers should
take these time-proven practices and systems into account and integrate them into their management
strategies and government programs.
3.3 Africa
Drawing on extensive regional expert consultations conducted since 2007, the Policy Framework for
Pastoralism in Africa is the first continent-wide policy initiative which aims to secure, protect and improve
the lives, livelihoods and rights of African pastoralists. The policy framework is a platform for mobilizing and
coordinating political commitment to pastoral development in Africa, and emphasizes the need to fully
involve pastoralist women and men in the national and regional development processes from which they are
supposed to benefit. The framework also emphasizes the regional nature of many pastoralist ecosystems in
Africa and therefore, the need to support and harmonize policies across the Regional Economic Communities
and Member States.
The Policy Framework for Pastoralism in Africa contains guiding and cross-cutting principles, two main
objectives, and a set of strategies for each objective. Objective 1 Secure and protect the lives, livelihoods and
rights of pastoral peoples and ensure continent-wide commitment to political, social and economic
development of pastoral communities and pastoral areas. Objective 2 Reinforce the contribution of pastoral
livestock to national, regional and continent-wide economies.
Objective 1 includes the need to recognize the rights, existing economic contributions and potential future
contributions of pastoralists to development, with related political and policy processes needed to develop
appropriate pastoral policies and fully integrate pastoralism into national and regional development
programmes and plans. Objective 2 focuses on the core assets of pastoral areas viz. pastoral rangelands and
livestock. It emphasizes the need to improve the governance of pastoral rangelands and thereby secure
access to rangelands for pastoralists. The involvement of traditional pastoral institutions is seen as central to
this process. Strategies under Objective 2 also include the protection and development of pastoral livestock,
risk-based drought management, and support to the marketing of pastoral livestock and livestock products
in domestic, regional and international markets.
In order to stem the degradation and soil erosion due to overgrazing, the International Center for Agricultural
Research in the Dry Areas (ICARDA, 2002) and national partners in Morocco and Tunisia have designed alley
cropping technologies that enhance fodder quality and quantity, thereby reducing pressure on the
rangelands.
Alley cropping is an agro-forestry practice in which perennial crops are grown simultaneously with an arable
crop. The perennial crops provide ecosystem functions (food production, nutrient cycling, erosion control,
water conservation, habitats for other biota, etc.). Moreover, this practice does not alter the grazing system
of the biomass in the rangelands or cereal stubble in the marginal lands because the alleys are sufficiently
separated.
The technologies were introduced on marginal lands in the two countries through the Mashreq/Maghreb
(M&M) adaptive research project, which combined research on NRM with research on integrated crop–livestock production.
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In Tunisia, the project introduced Opuntia (spineless cactus) as an alley crop (Alary et al., 2005) and, in
Morocco (Shideeed et al., 2005), Atriplex (saltbush). In central Tunisia the project worked with the Zoghmar
community, who live in drylands with less than 350 mm of annual rainfall and periodic droughts. In Morocco
the study area was Irzaine, in Oujda province. Both areas are characterized by poor soils and shifting
cultivation in a traditional barley– fallow system that is rapidly becoming unsustainable.
Opuntia and Atriplex are valuable fodder shrubs that are well adapted to difficult dryland climates and soils,
serving as a buffer against seasonal fluctuations in the availability of other feeds.
Both shrubs offer additional benefits, providing fuelwood and helping to control erosion. In both the project
areas the shrubs were introduced in an alley cropping system, in which they are planted in rows with a cereal
crop or pasture species in between. The effects of the technology on productivity were impressive. Biomass
yields in Opuntia alley cropping systems in Tunisia increased by 57 per cent over yields in a traditional barley
cropping system. On natural rangelands, the average herbaceous biomass yield increased to an estimated
4.98 t/ha, compared with less than 3.3 t/ha without cactus. In 2002, the adoption rate was slightly above 30
per cent and the adoption degree was 29 per cent. Adoption increased with farm and flock size. Similar results
were obtained for Morocco. Here the total target area for Atriplex alley cropping was nearly 6,290 hectares.
By 2003, 24 per cent of this area was under this system. The corresponding adoption rate was 33 per cent,
with larger-scale farmers and farmers with livestock again the main adopters.
On average, adopters assigned nearly 27 per cent of their farmland to Atriplex alley cropping. This crop also
had environmental benefits, including controlling soil erosion and improving soil organic matter, but these
could not be evaluated because of lack of data.
The availability of subsidies, farm size, and flock size were the three key determinants of Atriplex adoption.
Of the three, subsidies had the greatest sway. (The case study is reported in the Annex 1).
In the western high-plains of Algeria around the Ech-Cherguichott, the role of grazing on soil degradation of
the steppe was analysed. An area of steppe of about 30 000 ha was grazed as open rangeland collectively
used. The stocking rate has increased gradually reaching 0.75 su/ha by 1990 (according to the regional
statistics). All observations made on steppic rangelands had revealed that sand spreading was the common
feature of the recent degradation.
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Annex 1 list of anti-erosive (SWC) practices case studies reviewed
SWC case
studies
Camero Viejo
region
(Iberian
System,
northeast
Spain)

Castile-La
Mancha,
southerncentral Spain)

Aìsa Valley,
central
Spanish
Pyrenees

Description
It is an area representative of the evolution of the Spanish
Mediterranean mountains. It is located in the
northwestern part of the Iberian Mountain Range, occupies
an area of 556.5 km2. In the last 50 years the Camero Viejo
region (Iberian System, northeast Spain) has been subject
to agricultural abandonment, and was selected as our
study area. Soil erosion and surface runoff are the impacts
of agricultural abandonment on terraces.
Pasture land was studied among others land uses. In
particular, rainfall simulation were carried out on heavily
grazed terraces (1.5 ha per head of cattle) and on lightly
grazed terraces (2.5–5 ha per head of cattle)
Livestock Operation: Milk- and meat oriented sheep and
goats flocks; Pastoral Resources: Agricultural residues of
arable land (stubbles) in the Castilian Plain and seminatural pastures and Mediterranean forest in the
mountains Privately-owned unfenced plots of arable
farmers and landless pastoralists using the same land;
Trend: intensification of arable farming by habitat
homogenisation and cultivation intensity is reducing
opportunities of landless sheep farmers to use pastoral
resources in arable land (stubble and fallow). Sheep
farmers are reacting with less grazing days and
progressively more in-door feeding operations.
Experimental plots with different plant cover densities and
erosion processes were monitored.
Between 1990 and 1992, 19 closed plots were installed on
slopes cultivated between 30 and 50 years ago and now
abandoned. All the plots are small in size (from 2.5 to 3.5
m2); the plots have different cover. The surface occupied
by abandoned fields covers an area of 1146 ha, 14.05% of
the valley. These are generally located on sunny hillsides,
with slopes between 20% and 40%, and at altitudes
between 900 and 1200 m, although the highest abandoned
fields are found at 1450 m asl.

Type of
initiative
Research
on
landscape
evolution
in
Spain.

It is one of the
Large
Scale
Grazing Systems
(LSGS) selected
in the LACOPE
Project (2002)

Hydro-erosive efficiency/ Agro-economic efficiency
Runoff was greater (runoff coefficient 38 %) on heavily grazed terraces than on lightly
grazed terraces, which had a runoff coefficient of 20.1 per cent. The time lag was
much shorter for heavily grazed areas (550 s) than for those lightly grazed (900 s).
Runoff transported more sediment (25.8 gm-2 h-1) from heavily grazed terraces than
on those that were lightly grazed (10.2 gm-2 h-1).
The cattle grazing on the terraces seems to have a major role in surface erosion
processes. With high grazing intensity, runoff and erosion become more active,
whereas terraces subject to less cattle use tend to show greater geomorphological
stability. In rain simulations the runoff coefficient and soil loss for heavily grazed
terraces were 0.6- and 1.5-times higher, respectively, than on lightly grazed terraces.
Changes in the soil surface because of cattle introduction reduces infiltration rates
and generates runoff.
Changing the crop rotation (from cereal-fallow to cereal-annual legumes). Extending
grazing on fallow-lands (green fallows). Improving grazing infrastructures and grazing
rights al location

Scientific
research

Referenc
e
Arnaez et
al., 2011

Caballero
2011
Caballero
2015

Molinillo
et
al.,
1997
In the plots with 15% of
cover, the soil being
covered
by a stone pavement
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Central Italy

The balance of forests, crop land and pasture land has
altered in the past half century in Italy. Livestock rearing
has become more intensified and spatially concentrated,
and rural outmigration has left large pasture areas
abandoned, under-grazed and reverting to forests. Primary
agricultural production in Italy, even when intensified with
the introduction of modern technologies where possible, is
not sufficient to make income levels attractive enough to
induce people to remain in rural areas.

Reasearch, EU
CAP policies

On the basis of EU CAP policies Italy has passed laws that favoured landscape
variability, complex agro-silvo-pastoral systems and in support of land use
diversification through forms of service provision. Such regulation also provides
support to integrated and organic agriculture with the aim of enhancing the
management of the rural areas for environmental conservation, landscape beauty
and conservation of biological diversity. Interesting added values for agro-silvopastoral systems are quality foods, livestock and crops grown with environmental
friendly methods (low external inputs, little or no use of chemicals, certifications of
organic or biodynamic produce) as well as agri-tourist activities.

Pardini
and Nori,
2011

Sicily, Italy

Analysis of some changes in Sicily related also to pasture.
Authors reported that because of land abandonment, a
recent increase of pasture areas produced an increase of
sheep, and no cattle. The latter indeed are preferably
reared in modern structures. They reported that among the
main causes of erosion in Sicily there is overgrazing. Also,
the abandonment of agriculture seems to have produced
degradation more than a re-naturalization process. Only
where wildfire and pasture are absent, the renaturation
stopped the degradation. Human activities, indeed,
induced changes as the loss of soil, exposing subsoil or bare
rock, and consequent changes in environment or
vegetation.
Dehesa is an agro-forestry system that is mostly
characterised by scattered oak trees where the ground
surface is covered by native vegetation, which is dominated
by annual herbaceous species. Beef cattle are present on a
few of these farms, whereas suckling-cow management is
widespread. One of the main problems here is the
inadequate herbage production on the natural pasture
during the winter season, when the energy requirements
of the flocks are highest. The aim was the analyse of the
„dehesa-type farm system‟ of a representative area of the
Gallura region, with the survey focussed on the different
grassland management and grazing systems, and on the
characteristic traits of these livestock farms.

Reasearch

The suggested changes on the pastoral agroecosystem are food diversification and
reduction of stock breeding.

Massa
and La
Mantia,
2007

PhD Thesis

The farm with the highest level of land available and the maximum use of grazing
needed the lowest quantity of supplements, and had the highest net income.
Moreover, the highest milk production per head confirms the efficiency of the
system. It can also be noted that in the sheep farms, the most extensive management
is also the most economically sustainable system.

Salis,
2009

Under the national and even international conditions of
competition characterizing animal product markets over
the past few decades, these changes nonetheless have not
been enough to ensure the viability of farms in these
regions. In order to respond to this crisis 8 quality schemes
were developed and applied in 5 areas in France (Aubron

MOUVE ANR10-STRA-00501 project

Among them the manteinance of farm density is an essential component of the
development of these rural areas. The data that could be gathered suggest that in
the territories studied, the rate of reduction in farm numbers is comparable or
indeed below French averages, even if in none of the cases studied has the presence
of quality labels managed to stem the erosion in farm numbers. The cross analysis
shows a particularly distinct trend on the part of farms involved in quality schemes

Aubron et
al., 2014

Gallura,
Sardinia, Italy

Five
areas
studied
–
Alpine
foothills,
Cévennes,
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Aubrac,
Central
Aveyron and
Causses
du
Quercy,
France
Portugal

et al., 2014). Their aim was to obtain added value
compared to standard products through the production of
products with a specific quality. The definition and revision
of the specifications of these schemes, begun in the 1990s

to increase their size and equipment level. So, quality schemes can contribute to the
recognition of pastoral livestock farming practices, but they also tend to constrain
them. Furthermore, while they undeniably contribute to territorial development,
increases in the size and level of equipment of farms engaged in quality schemes are
jeopardizing their genuinely pastoral character.

Data was obtained from rainfed pastures in eight farms in
Portugal from 2001 to 2005 Plot areas ranged from 5 to 15
ha. The plots represent all the grassland systems common
in Portugal: natural grasslands (NGs), fertilized natural
grasslands (FNGs), and sown biodiverse permanent
pastures rich in legumes (SBPPRLs). These pastures were
not isolated test sites. They were located in private land
currently used by farmers for animal production. These
three types of pasture correspond to three different
degrees of intensification.

Projects Agro 87
(farms 1–6) and
Agro 71 (farms 7
and 8)

SBPPRL increase the soil organic matter pool more than the other types of grasslands.
This result is consistent with field observations for stocking rates: SBPPRL produce
more biomass, and thus support a stocking rate which is systematically twice or more
that of natural pastures.

Teixeira
et al.,
2011

Centro
and
Alentejo
(Portugal)

Centro research area (112,000 ha) covers a transition zone
from semi-arid to sub humid climate, with annual rainfall
ranging from 700-1400 mm. The forested area declined,
mainly as results of 6 major forest fires during the period
1990-2006 and permanent crops and pastures are more
important than arable crops. Alentejo lies in the semi-arid
climatic zone, with annual rainfall ranging from 400 to 600
mm. agricultural land is with 82,000 ha (or 64% of total
area) the largest land use. There was a considerable
increase of land under forest land between 1990 and 2006from 1,000 ha to 28,000 ha, at the expense of shrub land
and ‘heterogeneous agricultural land’ which consists
largely of pasture land under scattered trees. Agricultural
land is managed in a rotational system, including arable
land, fallow and agro-forestry land.
Two agri-environmental measures were investigated in the
research areas: Traditional Mixed Farming (TMF) in Centro
and Extensive Grassland (EG) in Alentejo for the
implementation period 2005-2009.

Implementation
of EU CAP and
scientific
research

The results indicate that the participation in TMF and EG in preserving permanent
pastures has been rather low in both regions. Nevertheless, these measures
contributed to the upkeep of extensive livestock production with about 65% of
participant farms achieving the expected policy result (maintenance or
intensification of livestock keeping), although the effect was only significant in
Centro. TMF and EG measures were effective in preserving the number of grazing
livestock (goats and sheep, in Centro and Alentejo, respectively). These effects on
livestock appeared to be associated with increased vegetation cover on participant
farms in Centro, and with a tendency towards maintaining the pre-existing
vegetation cover in Alentejo. Our results suggest that although AEM were effective
in preserving grazing livestock, changes in grazing practices have not led to a
significant improvement of the conditions to reduce the risk of wildfire and soil
erosion. This should be taken into account in the design of new AEMs.

Jones et
al., 2014
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Asterousia
region, Crete
(Greece)

70 km north of
Thessaloniki
(Greece)

Chrysopighi
Macedonia,
northern
Greece

The field survey was carried out on a pasture land covering
2 hectares for three years. The field is located on a steep
south-facing slope (slope gradient: 23%) with well drained
and moderately deep (45–65 cm) soils characterized by
sandy-loamy texture. Four experimental plots have been
installed. Two grazing intensities were tested: (i)
sustainable grazing and (ii) overgrazing, with two replicates
each. Based on field measurements, interviews with local
farmers and statistical data, grazing intensity in each plot
was estimated at the beginning of the study (i.e., during
2008 grazing season) according to previous data The two
‘‘sustainable grazing’’ plots were fenced and grazing
pressure was maintained stable and slightly lower than the
grazing capacity during the examined time interval. The
two ‘‘overgrazed’’ plots were unfenced and grazing
pressure was maintained always higher than the estimated
grazing capacity.

Scientific
research
in
experimental
plots (2 x 5 m)

In Table 3.1 average annual value of water runoff, sediment loss, soil moisture (20
cm depth), and soil temperature collected in the area are reported. Moreover,
significant differences in plant cover between sustainable grazing and overgrazing
conditions were observed with plant cover being higher in the sustainable grazing
plot compared with the overgrazing plot. The Desertification Risk Index (DRI) score
estimated according to the Desertification Indicator System for Mediterranean
Europe (DIS4ME) under the physical, environmental, and land management
conditions observed in the study area amounted to 5.9 and 7.3, respectively, for plots
under sustainable grazing and overgrazing.

Kairis et
al., 2015

The grassland area was grazed periodically by cows.
The experimental design was a split-split plot in
randomised complete blocks with two replications. The
factors studied were: grazing at two levels (no grazing, light
grazing – main plots), Ν fertilisation at two levels (0, 50 kg
Ν ha~l as urea - sub plots) and time of harvesting (thirteen
times at one month interval i.e. each treatment was
harvested once but at different
time -sub-sub plots). Fertilizer was applied in the 14th
February 1992. The ungrazed area was fenced with barbed
wire. The experiment lasted 14 months (February 1992 March 1993).
The relationship between grazing intensity and water loss
by overland flow was studied through modification of
vegetation cover by grazing, on a grassland of moderate
slope. Two grazing intensities were applied during May to
achieve a low (47%) and a medium (63%) vegetation cover,
while a plot was protected (control) with a high (90%)
cover. Simulated rainfall was applied to each 8.7m2 plot
before and after grazing by sprinkling at a rate of 140

Scientific
research
in
experimental
plots (5 x 5 m)

Grazing and Ν application did not influence vegetation production and productivity.
The limiting factor was water in the study area for the growing season 1992-1993.
High rainfall at the end of spring (90 mm) and the beginning of summer (100 mm) led
to a significant increase of the aboveground biomass and productivity at the end of
July and beginning of August. Applied Ν and grazing had no effect on vegetation,
because plant species sensitive to drought, which animals prefer to eat, and Ν
application which usually influences their production, were reduced in density and
some of them disappeared in 1992. Total Ν, Ρ and Κ were not affected by any of the
tested treatments. Total Ν availability in soil was not influenced by Ν addition.

Mamólos
et
al.,
1997

Scientific
reasearch

The results showed that runoff production was significantly higher in plots with low
than with medium and high vegetation cover. It was increased drastically after 5 min
of rainfall application at the low cover. On the contrary, with full and medium
vegetation covers runoff was
maintained almost constantly at relatively low levels (0.7 and 2.5 percent of all the
applied
rain water respectively). Runoff production increased with the duration of rainfall
application. Moreover, critical vegetation cover for acceptable runoff rate on a sandy
loamy soil with moderate slope was 50%.

Hellali
and
Nastis,
1997

Table 3.1 Average annual value (and coefficient of variation) of water runoff, sediment loss, soil
moisture (20 cm depth), and soil temperature in the study area
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mm/hr for a duration of 30 minutes. Three repetitions of
each treatment were tested.

Junction
of
the
Jordan
River and the
Lake Kinneret,
Israel

The effect of grazing deferment at the beginning of the
growing season on pasture productivity and animal
performance under intensive herd management conditions
was studied.

Scientific
Research

Deferment of grazing at the beginning of growing season (during the initial
regeneration stage) of a Mediterranean type grassland, especially at high stocking
rate (over 0.67 cows ha-1) is a management option that can allow the herbage to
grow to a threshold beyond which the rate of new plant growth will be substantially
greater than the biomass consumption rate by the grazing livestock in Israel.

Gutman
et
al.,
1999

Turkey

The composition and productivity of Turkeys range- lands
have degraded considerably since the early 1900s with an
increasing density of humans and their livestock on grazing
lands and an abandonment of the traditional policies and
structure regulating grazing of rangelands. After
establishing the Republic of Turkey in 1923, the
government relied on agriculture to improve the collapsed
national economy because there were no industrial sectors
in the country. With a concomitant increase in livestock
numbers in the 1950s, grazing pressure on the remaining
rangelands doubled between 1950 and 1960.

Scientific
research

Finally, with continued degradation of rangelands used for grazing, the Turkey
parliament in 1998 passed the Rangeland Act. However, the Rangeland Act has not
been enforced because rangeland assignment, restriction, and determination studies
have not been completed. Overgrazing is still the major problem as grazing begins as
soon as snowmelt occurs and continues until grazing lands are covered by snow
again. In the current Republic of Turkey era, grazing lands are allocated to villages
and each villager has a grazing right to the village allotment. Livestock owners in
many of these villages still practice transhumance. Regardless of the transhumant
system used, there is no effective means of controlling stocking rate because there
are no limits to the number of villagers who can own livestock or to the number of
livestock that a villager can own.

Koc et al.,
2015

Western highplains of
Algeria
around the

The vegetation type is a steppe defined by sparse
perennials grasses and/or undershrubs. The main
dominant species are Stipa tenacissima, Lygeum spartum L.

Scientific
research

Three zones have been delimited:
1. a control plot of 12 ha (C) fenced and maintained ungrazed during all the 1975-93
period.

Aidoud et
al., 1997
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Ech-Chergui
chott

and Artemisia herba-alba Asso. Most of these steppes are
used as open rangelands extensively grazed by sheep.
The mean annual rainfall of the region studied here is 200
- 250 mm with high variability.
The steppic rangelands in Algeria have been subjected, for
the two last decades, to a severe degradation. The aim of
the present paper is to emphasise the role of grazing on soil
degradation through three main indicators: (1) decline of
perennial plants as protectors of the soil against erosion;
(2) variation of sand cover that allows to quantify surface
erosion, removing or adding sandy top-soil; (3) soil
features, especially organic matter that indicates the global
soil trophic level.

Arid and semiarid areas of
Morocco and
Tunisia

In the traditional agro-pastoral systems of North Africa,
land degradation has drastically reduced resource
rangeland for feed.
To stem the degradation and soil erosion due to
overgrazing, the International Center for Agricultural
Research in the Dry Areas (ICARDA) and national partners
in Morocco and Tunisia have designed alley cropping
technologies that enhance fodder quality and quantity,
thereby reducing pressure on the rangelands.
In Tunisia, the project introduced Opuntia (spineless
cactus) as an alley crop and, in Morocco, Atriplex
(saltbush). Opuntia and Atriplex are valuable fodder shrubs
that are well adapted to difficult dryland climates and soils,
serving as a buffer against seasonal fluctuations in the
availability of other feeds.
Both shrubs offer additional benefits, providing fuelwood
and helping to control erosion. In both the project areas the
shrubs were introduced in an alley cropping system, in
which they are planted in rows with a cereal crop or
pasture species in between.

2. a zone of about 100 ha (M) grazed by using a stocking rate of 0.25 su/ha (su =
sheep unit) according to the assessed forage yield of the system of reference. This
area was used for biomass and species frequency measurement and phenology in
plots annually fenced (annual exclosures).
3. The neighbouring steppe (G zone) of about 30 000 ha was grazed as open
rangeland
collectively used. The stocking rate has increased gradually reaching 0.75 su/ha by
1990
(according to the regional statistics).
All observations made on steppic rangelands had revealed that sand spreading was
the common feature of the recent degradation. During the transitional stage of
change, perennial species are a key indicator for both biotic and abiotic environment
changes. An efficient indicator of degradation (early warning indicator) is the
reduction of perennial biomass. However, natural fluctuation must be taken into
account.
The
Mashreq/Magh
reb
(M&M)
adaptive
research
project,
combined
research
on
NRM
with
research
on
integrated
crop–livestock
production.

The effects of the technology on productivity were impressive. Biomass yields in
Opuntia alley cropping systems in Tunisia increased by 57 per cent over yields in a
traditional barley cropping system.
On natural rangelands, the average herbaceous biomass yield increased to an
estimated 4.98 t/ha, compared with less than 3.3 t/ha without cactus.
In 2002, the adoption rate was slightly above 30 per cent and the adoption degree
was 29 per cent. Adoption increased with farm and flock size.
Similar results were obtained for Morocco. Here the total target area for Atriplex
alley cropping was nearly 6,290 hectares. By 2003, 24 per cent of this area was under
this system. The corresponding adoption rate was 33 per cent, with larger-scale
farmers and farmers with livestock again the main adopters.
On average, adopters assigned nearly 27 per cent of their farmland to Atriplex alley
cropping. This crop also had environmental benefits, including controlling soil
erosion and improving soil organic matter, but these could not be evaluated because
of lack of data.
The availability of subsidies, farm size, and flock size were the three key determinants
of Atriplex adoption. Of the three, subsidies had the greatest sway.

CGIAR,
2013
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