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• World reservoirs capacity loss, 0.5–1%
per year, due to sediment deposition

• New regression model to predict spe-
cific sediment yield (SSY) in Mediterra-
nean medium-sized basin reservoirs

• Complete characterization of 26 Medi-
terranean medium-sized basin reser-
voirs

• Sedimentation estimators: soil cover,
slope, rainfall, drainage and reservoir
depth
a b s t r a c t
Theworld's reservoirs are losing capacity at a rate of 0.5–1% a year due to sedimentation processes. The strategies
to reverse this trend must include an accurate estimation of sedimentation rates in terms of Specific Sediment
Yield (SSY).
This research develops an empirical and statisticalmodel based on data from the CEDEX (Spanish Studies and Ex-
perimentation Centre for Public Works). From an initial number of 131 reservoirs studied in the period
19,672,004, a group of 26 reservoirs withmedium-sized basins (750 to 1750 km2)was selected for analysis. Res-
ervoir catchments were described with 11 explanatory variables, representing the production, transport and de-
position of sediment, although the calibratedmodel considers only six of these variables: Fournier Index (Rainfall
Torrentiality), Drainage Length, Reservoir Coefficient (relation between reservoir capacity and area), C (USLE
Land Cover Factor), Yearly Average Rainfall and Slope. SSY and the explanatory variables were transformed dur-
ing the calibration process, and the resulting model shows a non-linear relation between them. Compared to
other models calculated with CEDEX data with a determination coefficient of between 17% and 80%, this
model has a determination coefficient of 84%, is statistically consistent, validated bymeans of a jackknife analysis
and contrastedwith othermodels. However, themodel is not cross validatedwith information on additional res-
ervoirs, and shows substantial uncertainty and instability deriving from the definition of the explanatory vari-
ables and the quality of the data set, so extrapolation to other reservoirs is only possible under supervision and
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1. Introduction

Reservoirs are built for various purposes, including flood control,
water supply, crop and field irrigation, recreation, navigation, and the
generation of hydroelectric power (Liu et al., 2018; Vörösmarty et al.,
2010; WCD, 2017). There has been an increase in the number and stor-
age volume of reservoirs, particularly over the last 70 years and there
are today about 58,500 large dams (over 15m in height orwith a capac-
ity of over 3million cubicmetres) in operationworldwide (WCD, 2017).
These reservoirs are estimated to have a wide-ranging cumulative stor-
age capacity of between 6,197 km3 (Lehner et al., 2011) and 16,000 km3

(WCD, 2017).
Although nearly 70% of global freshwater is stored in ice caps, glaciers,

permanent snow and groundwater with relatively long retention periods
(USGS, 2014), dams and reservoirs play a key role in the control andman-
agement of water resources. There is no question that mitigating floods,
securing water supply, and providing hydropower have benefited
human societies in many highly effective ways, allowing the improve-
ment of human health, the expansion of food production, and economic
growth (Lehner et al., 2011); large dams are estimated to contribute di-
rectly to 12–16% of global food production (WCD, 2000). Recent projec-
tions suggest that 70% more food will be needed by 2050 (nearly 100%
in developing countries) to cope with a 40% increase in world population
and to accommodate expected shifts in global dietary patterns (Bruinsma,
2009); part of that additional foodwill be produced on irrigated lands that
will require 11%morewater,much ofwhich is likely to come fromstorage
reservoirs. Hydropower provides about 15.8% of the world's electricity
supply (IEA-ETSAP and IRENA, 2015) and is used in N150 countries
(WCD, 2000). Climate change is also a factor for concern in terms of the
supply of water resources (Foley et al., 2005), and on the Iberian Penin-
sula –wherewater demand is between 4% and 224% in somewatersheds
(Sabater, 2008) – the scenarios analysed predict severe droughts (García-
Ruiz et al., 2011; López-Moreno et al., 2010).

However, due to sedimentation, the world's reservoirs are currently
losing their storage capacity at an estimated yearly rate of 0.5–1%
(Merina et al., 2016; Sumi et al., 2004; WCD, 2000). Similar rates were
reported for various reservoirs in Spain (Batalla and Vericat, 2010)
and even 5% under specific condition (Cobo, 2008). Syvitski et al.
(2005) estimated that catchment-level human disturbances have in-
creased the erosion of sediment from uplands and its delivery to rivers
by about 2.3 billion tons per year, but that the net effect has been an es-
timated 1.4 billion-ton reduction in the sediment loads of rivers due to
sediment trapping in reservoirs. Vörösmarty et al. (2003) extrapolated
estimates from 633 large reservoirs to over 44,000 smaller reservoirs
and concluded that N53% of the global sediment flux in regulated basins
is potentially trapped in reservoirs, or 28% of all river basins, for a total
trapping of 4–5 billion tons per year. This implies that without the nec-
essary measures to reduce sediment deposition, around 25% of the
world's current water storage capacity may be lost in the coming 25 to
50 years, reducing the supply of fresh and irrigation water, hydropower
production and the effectiveness offlood control schemes. Sediment de-
position not only affects a reservoir's storage capacity but also the way
its different services are provided. The increase in delta depositions at
the upstream end of the reservoir may lead to increased flooding or a
possible rise in groundwater levels in the backwater upstream. The
combination of sediment trapping and flow regulation also has a dra-
matic impact on the ecology, water transparency, sediment balance, nu-
trient budgets and river morphology downstream from the reservoir
(Wang et al., 2005). Outlets, pumps and turbines in hydropower facili-
ties are affected (Morris and Fan, 1998). Reservoir sediments could
also affect climate changemitigation strategies since they play different
roles as a sink (Cole et al., 2007; Dean and Gorham, 1998; McCarty and
Ritchie, 2002; Stallard, 1998) and source (Battin et al., 2009; Jacinthe
et al., 2012) of carbon dioxide and other greenhouse gases.

Sediment deposition in reservoirs is most probably the main problem
hindering the sustainable use of existing water resources and those that
may be developed in the future (Wang et al., 2005). It is therefore crucial
to quantify the exploitable reservoir capacity for the strategic planning of
water, energy and food supplies in the coming decades, particularly in
view of the predicted population growth and the exacerbation of impacts
on hydrological variability due to climate change (Boehlert et al., 2015;
Kundzewicz and Stakhiv, 2010; Soundharajan et al., 2016; Stillwell and
Webber, 2013; Vörösmarty et al., 2000).

There are many approaches andmodels available for the estimation
of reservoir sedimentation. However, they differwidely in terms of their
complexity, inputs and other requirements. (de Vente et al., 2011; Yang
and Lu, 2014). The first step is to determine the capacity of a watershed
to produce sediments and conduct them to a specific point, and this is
usually solved by calculating the SSY (Specific Sediment Yield).

The SSY is formally defined (Vanoni, 1975) as the total sediment out-
flow from a drainage basin or catchment area,measurable at a reference
cross-section in a specific period of time. It is normally expressed in
mass per unit area and unit time (t km−2 y−1).

The SSY of a watershed can be determined by different methods (de
Vente et al., 2013) which can generally be grouped into two kinds: em-
pirical models, usually defined as a statistical regression using observed
data; and parametric or physically basedmodels, which are defined and
based on hydrological and sedimentological processeswhich tend to re-
quire detailed and extensive data input.

In the first group, the most widely accepted method considers the
sediment that has been deposited in a reservoir over a period of time
(de Vente et al., 2011; ICOLD, 1989) by relating SSY and a predictive var-
iable, usually the drainage area, and defining a curve.Many studies have
reported a decreasing area-specific sediment yield (SSY; t km−2 y−1)
with increasing drainage basin area (A; km2) (Dendy and Bolton,
1976; Einsele and Hinderer, 1997; Milliman and Meade, 1983;
Milliman and Syvitski, 1992; Radoane and Radoane, 2005; Renwick
et al., 2005; Summerfield and Hulton, 1994). This is often explained by
the fact that, during transport through a river basin, progressively
more sediment is trapped in foot slopes, concavities, alluvial plains
and other sinks, while erosion rates do not increase and may even de-
crease due to decreasing hillslope gradients downstream (de Vente
et al., 2007). This negative relation between A and SSY has often been
extrapolated tomake predictions of sediment yield for ungauged basins
at the regional or even at the global scale (Milliman and Meade, 1983;
Milliman and Syvitski, 1992; Renwick et al., 2005; Syvitski et al., 2003,
2005), often using a potential regression model (de Vente et al., 2007)
following the expression SSY = α Aβ, where A stands for drainage
basin area (km2), and α and β are empirical parameters. However,
other studies have revealed either a very poor relation, a positive rela-
tion or a combination of positive and negative relation between A and
SSY (Church and Slaymaker, 1989; de Araújo and Knight, 2005; de
Vente et al., 2006; de Vente and Poesen, 2005; Dedkov, 2004; García
Ruiz et al., 2004; Gögüs and Yener, 1997; Haregeweyn et al., 2005;
Jiongxin and Yunxia, 2005; Krishnaswamy et al., 2001; Lane et al.,
1997; Restrepo et al., 2006; Schiefer et al., 2001). The reasons for these
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results are diverse, but they show that in some cases the drainage area is
not a significant predictive variable of SSY and suggest that other vari-
ables such as topography, land cover, soil properties, climate character-
istics, water discharge or gully effect should be considered (Bellin et al.,
2011; de Araújo and Knight, 2005; de Vente et al., 2011; Duvert et al.,
2012; García Ruiz et al., 2004; Grauso et al., 2008; López-Vicente et al.,
2011; PSIAC, 1968; Tamene et al., 2006). Topographic variables that af-
fect soil erosion capacity and hence reservoir sedimentation rates in-
clude slope angle and slope length. The higher the slope angle and the
longer the slope length, the greater the likelihood of erosion (Bonan,
2008; Moore and Burch, 1986). Soil characteristics that affect soil ero-
sion include its texture, saturated hydraulic conductivity and soil or-
ganic matter, among others (Rorke, 2000). Land cover plays a key role
in water erosion by reducing surface water flow rate, while the roots
keep the soil in place. However, land management practices such as
conventional tillage for crop production, deforestation and overgrazing
can accelerate the rate of erosion by disturbing soil and reducing vege-
tation cover (Cooper et al., 2013; Nearing et al., 2005). Rainfall is the
major driver for sheet and rill erosion, in which total rainfall and its in-
tensity are important variables. Intense storms increase the possibility
of soil particles becoming detached and generating more surface runoff
to transport detached particles (Guzzetti et al., 2007). Both the transport
and deposit of sedimentsmust be consideredwhen addressing the issue
of sedimentation. The properties of the drainage network and the reser-
voir, including the dam operating procedures, play an important role in
the sedimentation process (Hauer et al., 2018; Merritt et al., 2003).

Physically based models tend to be used in cases where runoff and
sediment load data records are unavailable. These models are of two
types, namely single storm models and continuous simulation models.
The Areal Non-Point SourceWatershed Environment Response Simula-
tion (ANSWERS) (Beasley et al., 1980) and the European Soil Erosion
Model (EUROSEM) (Morgan et al., 1998) are examples of the first
kind, while the second include the spatially distributed erosion and sed-
iment yield component, chemicals, runoff and erosion from agricultural
management systems or CREAMS (Science and Education Administra-
tion; Department of Agriculture, Washington, WA, USA) (Knisel,
1980); the SHESED model (the hydrological and sediment transporta-
tion model for hydrological modelling systems (SHE)) (Wicks and
Bathurst, 1996); and the soil and water assessment model (SWAT)
(Arnold et al., 1998a, 1998b). The SWAT model is the most commonly
used, so a number of researchers have modified this model for different
purposes (Easton et al., 2010; Swami and Kulkarni, 2016).

In the period between 1967 and 2004, the CEDEX (Centro de
Estudios y Experimentación de Obras Públicas – Studies and Experi-
mentation Centre for Public Works) in Spain conducted sedimentology
and bathymetric surveys on 131 reservoirs where the basin characteris-
tics (soil type, land uses, meteorological events, predominance of steep
slopes, etc.) were potentially susceptible to the development of erosion
processes that could affect their useful lifespan. The CEDEX project cov-
ered a total reservoir capacity of 20,697 hm3 (36.98% Spain's reservoir
capacity (MAPAMA, 2017)).

The first study based on a partial data set from theseworkswas pub-
lished in 1997 (Avendaño Salas et al., 1997). It analysed 60 Spanish res-
ervoirs and defined three groups of reservoirs as a result: low SSY
(b150 t km−2 y−1), intermediate SSY (150–1000 t km−2 y−1) and
high SSY (N1000 t km−2 y−1). A regression curve was estimated in
each group for the relation SY(t y−1) – Area (km−2). Considering SSY
(t y−1 km−2) as the dependant variable, Area (km−2) only explains
17% of the observed variability in SSY (R2 = 0.17 with a model signifi-
cance of b1%), showing that a large part of the variation in sediment
yield is not explained by basin area.

Based on the data set considered in this study, other researches have
included descriptive variables of the watersheds and obtained im-
proved fits. For example, the Factorial Scoring Model (FSM) (de Vente
et al., 2005; Verstraeten et al., 2003) explains 69% of the variability
found in reservoir sedimentation rates, while the PSIAC model (PSIAC,
1968) explains 61% (de Vente et al., 2005), the WATEM-SEDEM model
(Van Oost et al., 2000; Van Rompaey et al., 2001; Verstraeten et al.,
2002) 48% (de Vente et al., 2008), and the SPADS model 67% (de
Vente et al., 2008); and two statistical approaches 58% (de Vente et al.,
2011) and 39% (Buendía et al., 2016).

The present research considers the complete collection of CEDEX
works consisting of 272 reports (181 bathymetric studies and 91 sedi-
mentology studies) compiled by the CEDEX in the period 1967–2004,
in 131 reservoirs in Spain. This comprehensive material has been
analysed to extract the data on reservoirs with medium-sized basins
(750 to 1750 km2) and to define the relations between themain charac-
teristics of this group of reservoir basins and the sedimentation process,
expressed as SSY.

2. Material and methods

The analysis was carried out in three different steps. First, the CEDEX
data was studied to select the group of reservoirs used to characterize
and calculate the model. These reservoirs and their watersheds were
then described according to ten parameters (explanatory variables), se-
lected for their relationwith the sediment production, transport andde-
posit processes in a reservoir watershed. Finally, the database
containing this information was statistically analysed to define a
model for the estimation of SSY in termsof the “sedimentary” character-
istics of the reservoirs and theirwatersheds. Thesemethodological steps
are described in the following sections.

2.1. Reservoir screening

In the first stage the CEDEX data was analysed and filtered according
to five criteria:

- Information validity: some results in the CEDEX reports cannot be
considered,mainly because they show a net increase in the reservoir
capacity between commissioning and the date when the data was
gathered.

- SSY calculation/sediment density: a complete characterization of
the sediment, including density, was made in most, although not
all, the reservoirs studied by the CEDEX. Given that the density is re-
quired to transform the capacity loss (hm3) to sediment yield (t),
these data were also excluded from the analysis.

- Sample representativeness: some reservoirs were studied by the
CEDEX on several occasions, which is why there are 272 reports on
131 reservoirs. In order to maintain the statistical consistency of
the data, and the optimal representativeness of the sedimentation
processes, only the last study on each reservoir has been included
in the analysis.

- Statistical outliers: after applying the above criteria, the SSY vari-
able was analysed in SPSS PASW Statistics 17 (SPSS Inc. Released
2008. SPSS Statistics for Windows, Version 17.0. Chicago: SPSS Inc.)
to define the outliers (observations outside the inner fences defined
as 1.5 x IQR InterQuartile Range = Q3 (75% of observations) – Q1
(25% of observations)).

- Medium-sized basin (750 to 1750 km2): some sedimentation
models are conditioned by the size of the basins used to define
them (de Vente et al., 2013). The analysis therefore focused on a spe-
cific range of basin sizes: 750 km2 to 1750 km2. This range, according
to the reservoir data set resulting from the four screening criteria de-
scribed above, includes the average basin size of the reservoirs
analysed (950 km2) and approximately half the total area of the res-
ervoir basins, and can be considered representative ofmedium-sized
basins in Spain.

As a final result of the screening process, 26 reservoirs were selected
for the analysis (Fig. 1).



Fig. 1. Selected reservoirs.
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2.2. Reservoir basin characterization

There are many factors that explain sediment production (erosion),
transport and deposition in a reservoir. This study considers ten charac-
teristics, most of which are commonly used in hydrological and erosion
studies, so they are available or can be easily estimated. The description
of each reservoir is completed with the basin area (A) (km2).

- Soil erosivity (USLE K factor): soil properties related to erosion
have been described with the soil erodibility factor (K) in the
USDA SCS USLE (Universal Soil Loss Equation) (USDA SCS, 1965). K
values have been defined from3747 soil sample analyses distributed
all over Spain andused to prepare the Erosion SituationMap of Spain
(Ministerio de Agricultura, Pesca y Alimentación. Instituto Nacional
para la Conservación de la Naturaleza, 1987–2001) and weighted
in every basin using Thiessen polygons (Thiessen and Alter, 1911)
(Fig. 2). In each reservoir K was estimated by intersecting the net-
work of Thiessen polygons, each characterized by a K value, and
the reservoir's watershed, then calculating the weighted mean of K
from the area of the Thiessen polygons inside the watershed.

- Rainfall erosivity (USLE R factor): this is the kinetic energy of rain-
fall, multiplied by I30 (maximum intensity of rain in 30 min
expressed in cm hour−1). This index corresponds to the potential
erosion risk in a given region where sheet erosion appears on a
bare plot with a 9% slope. In this study, it has been estimated as hJ
cmm−2 h−1, using regressionmodels that relate annual R and yearly
average rainfall (Roldán Soriano et al., 2009), described later in this
section.

- Soil cover and management (USLE C factor): this is a simple rela-
tion between erosion on bare soil and erosion observed under a
cropping system. The C factor combines plant cover, its production
level and the associated cropping techniques and varies from 1 on
bare soil to 1/1000 under forest, 1/100 under grassland and cover
plants, and 1 to 9/10 under root and tuber crops. This study uses
the Forestry Map of Spain 1:50,000 (Ministerio de Medio Ambiente.
Banco de Datos de la Naturaleza, 1998–2007) and the study of veg-
etation cover in Spain (Ministerio de Medio Ambiente. ICONA,
1982) to define the C factor in each basin (Fig. 3).

- Slope (S): this factor represents the role of topography in the sedi-
ment production and deposition process, and is also estimated
using a Digital Terrain Model (Ministerio de Fomento. Dirección
General del Instituto Geográfico Nacional, 2017). The slope in each
pixel of the reservoir basin has been reduced to a single average
value for each basin and expressed as a percentage (Fig. 4).

- Runoff threshold (P0): this value represents the rainfall needed to
start a runoff process and depends on the land cover (Témez,
1987). The concept is derived from the SCS curve number method
(USDA SCS, 1985) and adapted to Spanish conditions. Runoff thresh-
old and runoff have a direct negative relationship so that the higher
the runoff threshold, the lower the runoff and hence the erosion it
produces. These factors have been extracted from the runoff thresh-
old map (Ministerio de Agricultura, Pesca, Alimentación y Medio
ambiente, 2003) and as in the previous case, the different values in
each basin have been summarized as a single average value (Fig. 5).

- Yearly average rainfall (YAR): this study characterizes climate
using the yearly average rainfall in each basin, defined by the mete-
orological data from the MOPREDAS project (González-Hidalgo
et al., 2011). This project develops a regular network of points, char-
acterized with information, includingmonthly rainfall, from 1950 to
2010 from the Spanishmeteorological stations in theNationalMete-
orological Agency (Ministerio de Agricultura, Pesca, Alimentación y
Medio Ambiente) (www.aemet.es). The rainfall information for

http://www.aemet.es


Fig. 2. Factor K estimation. Dots represents the points where the soil K factor was calculated to elaborate the Mapa de Estados Erosivos de España (Erosion Situation Map of Spain) and
polygons are their corresponding Thiessen polygons, for the Peñarroya reservoir (Guadiana).
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each point has been weighted for the reservoir basins considered
using Thiessen polygons, and a single yearly average rainfall value
has been estimated for each basin (Fig. 6).

- Fournier index (FI).Rainfall aggressiveness: another climate factor
selected to describe basins is rainfall aggressiveness, defined accord-
ing to the Fournier index as P/Pm, where P is the monthly average
rainfall and Pm is the maximum monthly average rainfall
(Fournier, 1960). After calculating this index for each MOPREDAS
point, a single average value is assigned to each basin.

- Basin Gravellius coefficient (GC) (Gravelius, 1914): this is defined
as the relation between the perimeter of the watershed and that of
Fig. 3. Factor C estimation. Forestry map polygons and
a circle with the same area as the watershed; that is: 0.28 P/√A,
with P: perimeter (km) and A: area (km2). This coefficient provides
information about the basin shape that can be related with the sed-
iment transport process since in elongated basins (GC≈ 2) the dis-
tance from the head of the basin to the reservoir is greater than in
basins with a rounded shape (GC ≈ 1).

- Drainage length (DL): is the sum of the entire drainage basin net-
work, estimated using the analysis of the digital terrain model and
considering a minimum watershed size of 200 ha and a length of
50 m (Fig. 7). This descriptor concerns sediment transport, since
the drainage length represents the distance that sediments have to
assigned C factors, for the Forata reservoir (Júcar).



Fig. 4. Slope estimation. Using a 20 × 20 m DTM, for the Guadalen reservoir (Gudalquivir).
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travel from the basin to the reservoir, and the greater the distance,
the smaller the sediment load reaching the reservoir (Kirkby,
1991; Parsons et al., 1998).

- Reservoir coefficient (RC): this factor has been defined as the rela-
tion between the initial reservoir capacity (hm3) and its area (hect-
ares); it is therefore a measure of its mean depth and has been
included as a descriptor of the topography of the reservoir banks,
since great depths are related with steep banks.

These characterization variables have been calculated and assigned
to each basin using QGIS 2.14 (QGIS 2.14.12-Essen. GNU General Public
Fig. 5. P0 Runoff treshold estimation. Guadalh
License. Version 2, June 1991. Copyright (C) 1989, 1991 Free Software
Foundation, Inc.) Geographically distributed variables (for example R,
C, S, etc.) have been reduced to an average value for each basin, using
the area of each value inside the watershed as a weighting factor.

2.3. Reservoir specific sediment yield (SSY)

The ultimate objective of the CEDEX bathymetric studies was to es-
timate the capacity loss in each reservoir in terms of volume (hm3)
while the sedimentology studies describe the sediment characteristics,
including density. Using this information, SSY values have been
orce reservoir (Mediterránea Andaluza).



Fig. 6. MOPREDAS Meteorologic Data Points and their corresponding Thiessen polygons, for the Puentes reservoir (Segura).
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calculated in each reservoir simply by considering the number of years
since the dam was commissioned until the bathymetric study and the
basin size, as follows:

SSY t km−2 year−1
� �

¼
Capacity loss hm3

� �
x density t hm−3ð Þ

Years in operation yearð Þ x basin size km2ð Þ ð1Þ

The SSY definition considers that all the incoming sediments that
reach a reservoir will remain trapped in it, although some sediment
may escape from the reservoir through spillways, hood inlets, and
other outlets depending on the hydraulic conditions in each case.

This assumption is based on the trapping efficiency (TE) calculated
byCEDEX in someof the reservoirs using the basin area, reservoir capac-
ity and operating regime (Brown, 1943), and whose results are in the
range of 99.5% to 97%. This coefficient was not calculated in many
other cases due to lack of information. The research therefore
Fig. 7. Drainage Network of La Tranquera reservoir (Ebro).
considered a TE=100%, so SSY values refer strictly to the sediments de-
posited in the reservoirs. In any case, the deviation produced by this as-
sumption is balanced with the uncertainty of the bathymetric surveys,
conducted over a period of 37 years with different technologies and
personnel.

Both the SSY calculation and the reservoir characterization consider
only the basin area of each reservoir and exclude the basin area of any
possible reservoir located upstream, thus removing their influence
from the analysis.

2.4. Statistical analysis

Regression analysis is a statistical method that allows the examina-
tion of the relationship between two or more variables. In multiple lin-
ear regression analysis, as used in this research, a single response
variable is modelled with several independent variables (Weisberg,
1980). In this study, regression is applied in an iterative way until the
optimization of the explanatory variables considered in the model,
and thosewithout a significant correlationwith the dependant variable,
SSY, are removed.

In the first step the whole set of descriptors (11 variables, consider-
ing the basin area) is used to fit a SSY model, and any variables with a
non-significant relation with SSY or with signs of collinearity are then
removed from the analysis. This screening contributes to the model
quality, which is inversely related with the number of independent
variables.

The data on reservoirs were analysed using SPSS PASW Statistics 17.
This statistical software offers multiple statistical analysis tools, includ-
ing a multilinear regression analysis (Norušis and SPSS Inc, 2008).

The regressions used the “Enter”method, so all the variablesmust be
in the model. In this method the inclusion of the variables in the model
is not automatically decided by the regression process but by the users
after analysing each iterative regression. The model must also include a
constant to ensure the residuals have a mean of zero. The level of statis-
tical significance was set at 0.05.

SPSS PASW Statistics 17 was configured in each regression to calcu-
late different coefficients, statistics and indicators of themodel's quality
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(Montgomery et al., 2012). Specifically, these tests are conceived to
check the model's data correlation (determination coefficient R2 and
ANOVA significance) (Bentler and Bonett, 1980), the correlation of the
explanatory variables with SSY (two-tailed Student's t significance of
each variable, both unstandardized and standardized coefficients β)
and the collinearity of the explanatory variables (VIF, Durbin-Watson
and condition index tests of collinearity) (Graham, 2003).

The determination coefficient, R2, is the proportion of explained var-
iance and is between 0 (no correlation) and 1 (perfect correlation). This
estimator is highly intuitive since its value can be directly interpreted as
the percentage of values that can be predicted by the estimated model.
The one-way ANOVA (analysis of variance) F statistic, commonly
known as the F-test, is used to determine whether the means of a vari-
able differ between the levels or groups of another variable. That is, it
compares the means of the dependent variable between the groups or
categories of the independent variable. If the means of the dependent
variable are different in each group or category of the independent var-
iable, the groups differ in the dependent variable, and there is therefore
a relationship between the variables. The F-test is obtained by estimat-
ing the variation of the means between the groups in the independent
variable and dividing it by the estimation of the variation of the means
within the groups, so by dividing the variation between the groups by
the variation within the groups. If the means vary widely between the
groups and themean within a group varies slightly – that is, the groups
are all heterogeneous but similar internally, the value of Fwill be higher,
and the variables will therefore be related. In conclusion, the more the
means of the dependent variable differ between the groups of the inde-
pendent variable, the higher the value of F.

The significance of the F-test is assessed by calculating the p-value
(probability value), which is defined as the probability of the value of
F when the null hypothesis (H0) is true. In this case, the null hypothesis
is that there are no relations between dependent and independent var-
iables, so the model has no independent variables and is a simple
intercept-only model. The alternative hypothesis (H1) is the calculated
model. Following a confidence level of 95%, when the significance of F
is b0.05, the null hypothesis is rejected and it is statistically accepted
that the variables are related, so the model fits the data. The two-
tailed Student's t-test, also known as the t-test, is any test in which
the statistic used has a Student's t distribution (Student, 1908) if the
null hypothesis is true. It is applied when the population follows a nor-
mal distribution but the sample size is too small for the statistic on
which the inference is based to be normally distributed, using an esti-
mate of the standard deviation instead of the actual value. In linear re-
gression, the statistic used is the difference between the calculated
coefficient (alternative hypothesis H1) and zero (null hypothesis H0) di-
vided by the standard error of least squares estimators. If this statistic
has a t distribution with n-2 degrees of freedom (n = sample size),
the null hypothesis is true, so the coefficient of relation between the in-
dependent and dependent variables is zero and there is consequently
no relation.

The significance of the t-test, as described above with the F-test, is
also evaluated by the calculation of the p-value (probability value)
and the interpretation is the same, so when the significance of the t-
test is b0.05, thenull hypothesis is rejected and it is statistically accepted
that the variables are related by the calculated coefficient.

The unstandardized and standardized coefficients (β) are the factors
of each independent variable used to build the model, but expressed in
different units.While unstandardized coefficients are expressed in their
original units, standardized coefficients are expressed in the same nor-
malized units. The unstandardized coefficients can thus be directly
used as coefficients of the independent variables in the estimated
model, and the standardized coefficients can be used to interpret and
compare the effect of each independent variable on the dependent
variable.

The VIF (Variance Inflation Factor) quantifies, for each coefficient,
the variance inflation that is considered a sign of collinearity. A VIF of
1 means there is no correlation between the predictor and the remain-
ing predictor variables. The general rule of thumb is that VIFs exceeding
4 warrant further investigation, while VIFs exceeding 10 are signs of se-
rious multicollinearity requiring correction (Hair et al., 2010). The
Durbin-Watson statistic tests the collinearity with the residuals, taking
values in the range of 0 to 4, and 2 when the residuals are completely
independent. Values N2 indicate positive autocorrelation and b2 denote
negative autocorrelation. It is usually assumed that the residuals are in-
dependent if the Durbin-Watson statistic is between 1.5 and 2.5. Finally,
the condition indexes are derived from the breakdown of the correla-
tion matrix into linear combinations of variables, chosen so that the
first combination (first level or dimension) has the largest possible var-
iance; the second combination (second level or dimension) has the next
largest variance, assuming it is uncorrelated with the first; the third has
the largest possible variance, subject to being uncorrelatedwith thefirst
and second; and so forth. The variance of each of these linear combina-
tions is known as an eigenvalue, and the condition index is calculated as
the square root of the ratio between the largest eigenvalue and the ei-
genvalue of each level or dimension. In conditions of non-collinearity,
these indexes should not exceed 15. Indexes over 15 indicate a possible
problem, and indexes over 30 point to a serious problem of collinearity.

The three basic conditions of multiple linear regressions (Cohen
et al., 1983) were also tested to guarantee the statistical coherence of
the model: normally distributed residues, homoscedasticity and no
multicollinearity.

If the relationship between independent and dependent variables is
not linear, the data form a curved pattern, which could be better
modelled by a nonlinear function such as a quadratic or cubic function,
or transformed to make it linear. The statistical methodology of this re-
search therefore includes the transformation of the selected explana-
tory variables using the Box Cox technique (Box and Cox, 1964) in
addition to the multiple linear regression analysis. This method uses a
power expression to transform the variables: F (Variable) = Variable
λ. The power exponent (λ) was estimated using the Box and Tidwell
methodology (Box and Tidwell, 1972). The model fit is thus improved
and potential collinearity issues are reduced.

The transformation of the independent variables allows the explora-
tion of both linear and non-linear correlation between observations and
explanatory variables using the linear regression methodology.

Finally, the estimatedmodel was resampled using the jackknife pro-
cedure (Shao and Tu, 1995) based on estimating nmodels with n-1 res-
ervoirs. The estimated models are then used to calculate the SSY in the
remaining reservoir n times, comparing their values with the SSY ob-
served. In each model, both the determination factor R2 and the
ANOVA significance are calculated to evaluate their performance. The
jackknife method is a useful technique for correcting estimation bias
and variance and is used in this study to detect the potential bias of
the sample and correct it if necessary.
2.5. Model performance test

As an additional test for the model, the SSY values calculated with
the calibrated model were correlated with the SSY values observed
and compared with the results yielded by other previously developed
prediction equations. Since this study focuses on reservoirs in the Med-
iterranean area, threemodelsmatching this requirementwere selected:
the global Area Relief Temperature (ART) (Syvitski et al., 2003, 2005)
model and two models calibrated with reservoirs in Spain. The perfor-
mance test was based on the correlation of the SSY values predicted
by these models and the SSY values observed and estimated by the cal-
ibrated model, whose significance has been evaluated by the Pearson's
correlation coefficient (r) (Pearson, 1895), defined as the covariance
of the two variables divided by the product of their standard deviations.
This coefficient takes values in the range of −1 to 1, where −1 means
negative perfect correlation, 1 positive perfect correlation and 0 no
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correlation. The two-tailed significance of r (significant if it is b0.05) has
been also evaluated.

The ART sediment delivery model (Syvitski et al., 2003, 2005) is a
nonlinear regression model that was estimated using 340 rivers in dif-
ferent regions and climate zones all over the world. It consists of five re-
gression equations for five climate zones that estimate the sediment
load (Qs, expressed in kg s−1, so it must be transformed to SSY units t
km−2 y−1) and uses watershed area (A), large-scale relief (R), and
mean annual temperature (Tm). For theMediterranean region (temper-
ate regions and latitude b30°) the expression of this model is:

QS ¼ 6:1∙10−5∙A0:55∙R1:12∙e0:07∙Tm ð2Þ

The FSM Model (Factorial Scoring Model) is an expert model (de
Vente et al., 2005; Verstraeten et al., 2003) that uses the catchment
area (A) and five factors (topography, lithology, vegetation cover,
gullies, catchment shape) to describe the watershed in the areas near
(5 km) the reservoir and main tributaries. These factors are given a
score between 1 and 3 (from low to high contribution to soil erosion,
sediment production and delivery to the reservoir) and an index
(FSMIndex) is calculated by multiplying the scores. Both A and FSMIndex

define the following regression equation for the estimation of SSY.

SSY ¼ 4139∙A−0:44 þ 7:77∙FSMindex−310:99 ð3Þ

Finally, this study also uses a multiple regression model calibrated
with 61 Spanish reservoirs (de Vente et al., 2011), attaining a correlation
of R2 = 0.58. It is based on slope gradient (S), relief ratio (RR), precipi-
tation concentration index (PCI), percentage of matorral land cover
(Mat) and several soil composition rates (percentage of fluvisol soils
(Flu), limestone (Lime) and acid metamorphic rock (Meta)). The
model has the following expression:

lnSSY ¼ 1:35þ 0:07∙Sþ 0:11∙RR
þ 0:34∙PCI−0:03∙Mat−0:01∙Lime−0:04∙Metaþ 0:04∙Fluv ð4Þ

The model performance will also be analysed through a sensibility
analysis. This test is based on the comparison of the SSY predicted
with themodel using both the values estimated for each predictive var-
iable and the modified values of these variables. These modifications
have been defined by increasing and decreasing the explanatory vari-
ables by ±1%, ±10% and ±25%, and the results will be given as the av-
erage modification of the output values of SSY for each variable and
modification percentage.

2.6. Model validation

Validation by splitting the data set in two parts, one formodel devel-
opment and one for model validation (cross validation) was rejected
due to the lownumber of cases (26) resulting from the reservoir screen-
ing. The sample size is a frequent subject of debate in linear regression
(Lawrence and Kerry, 1989). In this case, the sample is representative
of the total set of reservoirs with medium-sized basins, since almost
50% (MAPAMA, 2017) of the reservoir capacity of the Mediterranean
area of Spain was studied by CEDEX. However, as an absolute value, it
is not an optimal sized sample for the number of independent variables
considered (Cohen, 1988); in addition, the reduction of the sample size
for the regression analysis could produce determination coefficients
that are very significant but not consistent. Cross validation, the most
accepted validation method, cannot therefore be used. However, some
studies use other validation techniques when the data set is too small
to be divided into two parts.

Some authors (Bazoffi et al., 1996; Buendía et al., 2016; de Vente
et al., 2011; Verstraeten and Poesen, 2001) therefore use the jackknife
resampling method to analyse the results of the n models obtained
from n-1 data (see the description of the jackknife methodology), and
they are compared with the results of the model to be analysed. If the
predictions of the resampled models are close to those of the model, it
can be assumed to be validated.

3. Results

3.1. Reservoir database

As described above, the preparation of the database starts with the
selection of the reservoirs to be analysed. In this process, many of the
reservoirs in the original CEDEX information were eliminated following
the criteria of information validity, sediment density, statistical outliers
and medium basin size. Thus from an initial number of 131 reservoirs,
the model fitting was reduced to 26 reservoirs (Fig. 1). Reservoirs
such as Cijara (whose basin is seven times the size of the second largest
basin), Mequinenza (1530 hm3), Alarcón (1117 hm3), Iznajar (980
hm3), Entrepeñas (891 hm3), Guadalcacín (800 hm3) and Ebro (540
hm3), among others, were removed.

After selection, each reservoir was characterized according to the
basin descriptors above, and this information, together with the values
of the basin area, SY and SSY, provided by the CEDEX reports, was
used to compile the database (Table 1).As previously stated, the reser-
voir basins range from 750 to 1750 km2. Eleven basins have an area of
b1000 km2 while the average basin size is 1128 km2.

The reservoir capacities range from 13.7 to 347.4 hm3. Six basins are
below 25 hm3 so can be considered as small in size, while nine are over
150 hm3.

An analysis of SSY values shows that the average is
187 t km−2 year−1, with a significant variety represented by one reser-
voir with nearly 949 t km−2 year−1 and three reservoirs below
10 t km−2 year−1. If these values are compared with others cited in
the bibliography, it can be concluded that the range of specific sedimen-
tationmeasured in these 26 reservoirs is among the lowest in theworld.

A bibliographical review of SSY in small basins (b1000 km2), the case
of 42 reservoirs in this study, shows a broad range of erosion rates from
7.3 to 17,000 t km−2 year−1 (Laignel et al., 2006). The most frequently
cited study is the synthesis of 280 rivers with a wide variety of basin
sizes, climates and geomorphologies, on a global scale (Milliman and
Syvitski, 1992) andwith an erosion rate between 0.3 and 36,000 t km−2.

The reservoir characteristics also vary widely. K values are between
0.16 and 0.47, with all except three values, in the 0.25 to 0.4 range, with
a high variability of soils (Romkens et al., 1989). R values are from 44 to
176, with a mean value of 94, indicating low-medium rainfall erosivity
(ICONA, 1988). The other USLE factor, C, is between 0.05 and 0.13 and
has an average value of 0.08, with low C values or good soil coverage
(Folly et al., 1996). Average S is 10.7%, and varies from 2.59% to 24.1%.
The S in 15 reservoirs is below 10%. The reservoirs also show a broad
range of rainfall values (YAR) from 341 to 950 mm, with an average
value of 590 mm, mainly representing a Mediterranean climate
(Lionello et al., 2006). The FI, in the 22 to 77 range and with an average
value of 37, reveals predominantly very low to low climate aggressive-
ness (García-Barrón et al., 2015). The GC (or compacity coefficient) is
between 1.55 and 2.78, with an average of 2.1 representing elongated
basin shapes (Bardossy and Schmidt, 2002). The DL is also very variable,
from 355 to 803 km, and is directly related with the basin area. Finally,
the RC is between 0.07 and 0.31, showing different reservoir depths
from shallow water bodies to others located in a narrow section of the
river course, producing deeper reservoirs.

3.2. Model fitting: selection of explanatory variables and calibration

The regression model obtained from the SSY values of the 26 reser-
voirs as dependent variables and the set of 11 descriptive variables (in-
cluding basin area) as independent variables, has a determination factor
of R2 = 0.80. Although this value points to the model's high capacity to
explain the SSY values, the statistical analysis of the estimators of fit



Table 1
Analysis data base, including SY and SSY, together with the basin explanatory variables.

Reservoir Hydrographical
confederation

Commissioning
year

Initial
capacity

Basin
area

SY SSY K
(USLE)

R
(USLE)

C
(USLE)

Slope
(S)

P0 YAR Four.
Index
(FI)

Grav.
Coef.
(CG).

Drainage
length
(DL)

Reserv.
Coef.
(RC)

(hm3) (km2) (t year−1) (t km−2 year
−1)

(%) (mm) (mm) (km)

Linares de Arroyo Duero 1953 54.55 767.40 3029.02 3.95 0.3768 86.10 0.078 6.48 19.99 557.27 23.39 1.85 421.81 0.12
Burgomillodo Duero 1928 13.70 822.14 28,726.81 34.94 0.3179 91.14 0.085 6.78 23.62 581.43 24.21 1.87 429.59 0.10
Águeda Duero 1931 22.40 812.97 170,938.75 210.26 0.4005 144.83 0.077 8.81 33.95 821.54 57.83 2.17 385.19 0.13
San Juan Tajo 1955 162.00 874.88 830,741.08 949.55 0.1609 105.82 0.116 13.09 31.31 650.01 41.10 1.89 416.58 0.25
Peñarroya Guadiana 1959 50.32 955.33 304.82 0.32 0.2807 74.18 0.098 2.59 21.17 498.64 25.36 1.94 476.12 0.12
Torre de Abraham Guadiana 1974 183.40 762.09 274,331.25 359.97 0.4749 93.74 0.117 8.92 21.73 593.77 40.19 1.88 431.23 0.10
Villar del Rey Guadiana 1987 133.00 1022.50 224,602.01 219.66 0.3329 83.19 0.065 5.29 24.80 543.17 43.01 2.03 485.86 0.10
Valuengo Guadiana 1959 19.30 1244.86 62,582.30 50.27 0.3193 107.12 0.087 5.93 14.82 655.95 50.07 1.88 592.06 0.13
Guadalen Guadalquivir 1954 173.00 1370.00 125,312.72 91.47 0.3289 83.67 0.108 8.72 18.75 545.47 33.98 2.21 667.94 0.13
Bembezar Guadalquivir 1963 347.38 1713.09 172,235.50 100.54 0.3971 105.42 0.064 10.96 31.68 648.14 55.13 2.05 803.66 0.28
Bornos Guadalete y Barbate 1961 215.40 1361.43 568,927.31 417.89 0.2512 154.88 0.078 11.96 15.23 863.70 77.88 2.24 636.43 0.09
Puente Nuevo Guadalquivir 1972 286.76 996.23 285,566.81 286.65 0.3467 93.21 0.100 7.77 27.26 591.26 45.84 2.22 467.95 0.14
Guadalmellato Guadalquivir 1928 162.00 1205.12 231,102.48 191.77 0.2902 96.86 0.055 9.90 31.57 608.48 49.32 1.87 564.72 0.21
Guadalhorce Mediterránea Andaluza 1973 134.40 1194.26 244,437.80 204.68 0.2783 85.51 0.091 7.77 22.24 554.43 44.53 2.22 616.21 0.17
Fuensanta Segura 1933 235.00 975.53 455,853.10 467.29 0.2995 83.00 0.094 20.90 24.57 542.21 29.23 2.59 457.57 0.26
Alfonso XIII Segura 1915 42.80 854.32 259,640.10 303.91 0.3860 56.23 0.059 7.89 19.77 405.51 26.19 2.78 429.46 0.19
Puentes Segura 1884 31.56 1001.73 190,956.99 190.63 0.3760 44.63 0.070 10.99 20.11 341.29 26.69 2.47 507.45 0.07
Talave Segura 1918 47.20 774.40 184,007.89 237.61 0.2543 82.46 0.055 17.63 29.74 539.62 29.05 2.29 355.86 0.16
Camarillas Segura 1960 35.84 1459.97 16,104.87 11.03 0.3180 51.26 0.071 6.48 25.82 378.45 23.34 2.40 617.78 0.11
Arquillo de San
Blas

Júcar 1962 22.00 804.48 39,000.10 48.48 0.2004 93.62 0.065 11.21 33.43 593.20 26.88 2.08 389.16 0.15

Forata Júcar 1969 39.00 1070.20 61,843.87 57.79 0.3220 71.03 0.072 7.35 19.89 482.72 28.96 2.36 540.12 0.17
María Cristina Júcar 1920 23.28 1356.87 61,773.75 45.53 0.2668 85.50 0.091 13.73 28.28 554.36 44.84 2.23 665.10 0.09
La Tranquera Ebro 1959 84.38 1478.82 4267.71 2.89 0.3971 70.90 0.066 7.29 19.00 482.10 22.20 1.98 728.62 0.16
Santolea Ebro 1932 48.85 1232.33 21,561.86 17.50 0.2852 72.87 0.108 14.47 26.69 492.04 25.35 2.08 599.35 0.13
La Peña Ebro 1913 25.00 1685.49 175,505.76 104.13 0.2977 176.06 0.136 24.10 22.22 950.38 39.52 2.32 802.10 0.08
Sau C. I. Cataluña 1964 177.00 1537.74 345,946.07 224.97 0.2910 159.24 0.094 21.22 23.85 881.79 34.50 2.21 722.29 0.31
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Table 3
Model calibration. Unstandardized and standardized coefficients β, t Student and two-
tailed significance level of t (confidence interval 95%).

Variable Unstandardized
coefficients

Standardized
coefficients

t Significance

Coef Std error β

Constant −2.568 5.888 −0.436 0.668
F(C) 447,522.256 89,388.725 0.626 5.006 0.000
F(S) −29.738 11.044 −0.279 −2.693 0.014
F(YAR) 7900.973 2391.875 0.479 3.303 0.004
F(FI) 0.00052 0.000 0.786 5.970 0.000
F(DL) 0.0000011 0.000 −0.739 −6.858 0.000
F(RC) 645.598 112.603 0.671 5.733 0.000

Where F(Variable) are the Box Cox transformed variables. F(C)= C5. F(Slope)= Slope−1.
F(YAR) = YAR−1. F(FI) = FI2.5. F(DL) = DL2.5. F(RC) = RC3.
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shows that there are explanatory variables with a non-significant corre-
lation. The estimators of regression fit indicate that R directly (β =
9.299) and YAR inversely (β = −9.932) are the main predictors for
SSY estimation, although the multicollinearity analysis points to an im-
portant correlation between both factors. The test of significance indi-
cates a better correlation of the variables FI (significance = 0.000) and
RC (0.001), while GC, K, P0 and DL, and particularly A, have a limited lin-
ear relation with SSY according to the results of the significance tests
(significance N0.05).

The variables with the lowest levels of significance were removed
from the analysis following an iterative process and the R variable was
also removed due to its linear correlation with YAR (R is more difficult
to obtain and its correlation significance is lower). According to this cri-
terion, the explanatory variables were reduced to six: C, S, YAR, FI, DL
and RC. The multilinear regression model calculated with these vari-
ables has a determination coefficient of R2= 0.69 and themain statisti-
cal indicators show that each variable has a high level of significance in
the regression, and the effect of all the variables in the estimation of SSY
is well balanced.

Following the methodology described, the variables have been
transformed using a Box Cox power transformationwhere the potential
exponents were calculated through the Box and Tidwell methodology
(Table 2).

The calibrated regression model is the following:

SSY t year−1 km−2
� �

¼
ð−2:57þ 447;522:26 C5–29:74 S−1 þ 7900:97 YAR−1

þ0:00052 FI2:5−0:0000011 DL2:5 þ 645:60 RC3Þ2

ð5Þ

With a determination coefficient of R2 = 0.84.
The main statistical indicators have also been calculated in this case

(Table 3) for each transformed variable and show that all the variables
have very high levels of significance, in some cases maximum, and
their participation in the SSY estimations is well balanced. The signifi-
cance value of the F=16.22 estimator in the ANOVA is 0.000, so the sta-
tistical significance of the model is again verified. Durbin Watson
coefficient is 2.37 so there is no significance correlation among residues.

According to the statistical assumptions of multiple linear regres-
sion, there are three conditions (Cohen et al., 1983) that must be met:
multivariate normality, homocedasticity (the variance of error terms is
similar across the values of the independent variables), and no
multicollinearity. Normality was confirmed with the P\\P plot of the
standardized regression residuals. Homocedasticity was also confirmed
with the graph of standardized predictions vs standardized residual
values, which shows a random scatter plotwithout any distribution pat-
tern. Finally, the no multicollinearity condition was analysed through
the analysis of VIF values (below 2.5) (Table 4) and condition index
(24.8 in dimension 7) (Table 5). Although no condition index is over
30, the variance analysis detects collinearity between FI and YAR. At
Table 2
Box Cox transformation coefficients for dependant
and predictive variables.

Variable λ

Dependent variable
SSY 0,5

Predictive variable
C 5
S −1
YAR −1
FI 2.5
DL 2.5
RC 3
this point, it should be noted that the calculation of FI depends on YAR
and maximum monthly rainfall, so correlation should be expected.
However, both FI and YAR are considered as important explanatory var-
iables in the regression model: FI defines how it rains and YAR defines
howmuch it rains. The implementation of both in the model can effec-
tively explain the rainfall characteristics in each reservoir basin, which
neither can do alone. The bicorrelation graphs (Fig. 8) do not show
any linear pattern or bicorrelations between the explanatory variables.

There is strong correlation between the SSY values calculated with
the calibrated model and the observed SSY values (Fig. 9). The Pearson
correlation coefficient is high (r = 0.95) and significant (r two-tailed
significance = 0.00), as expected after the calibration of the model
and the high value of R2 obtained.

3.3. Jackknife analysis

The estimated model (5) was analysed using the jackknife method.
When resampled for all 26 reservoirs, both R2 and ANOVA significance
are very similar to the estimated model (jackknife estimators: R2 =
0.84 and the significance value of F = 15.56 estimator in the ANOVA
is 0.000). The analysis of the dispersion graph, defined by the pairs of
observed SSY and the jackknife-calculated SSY in each reservoir,
shows an important scatter around the line 1:1, with a slight trend to-
wards the overestimation of the model. The Pearson correlation be-
tween the jackknife model predicted values and observed values is
very high (r = 0.89) and very significant (r significance test = 0.00).
The correlation between the jackknife model predicted values and cali-
brated model predicted values is even higher (r = 0.97) and conse-
quently significant (r significance test = 0.00) (Fig. 10).

The individual analysis of the 26 regressions indicates specific effects
in some reservoirs. Thus, the model calibrated excluding San Juan has a
R2 = 0.78, a significant decrease in correlation compared to the cali-
brated model (5), meaning that an important part of the model
Table 4
Collinearity VIF statistics of the calibrated model.

Variable Collinearity statistics

Tolerance VIF

F(C) 0.550 1.818
F(S) 0.799 1.251
F(YAR) 0.409 2.443
F(FI) 0.496 2.018
F(DL) 0.741 1.349
F(RC) 0.627 1.595

Where F(Variable) are the Box Cox transformed variables. F(C)= C5. F(Slope)= Slope−1.
F(YAR) = YAR−1. F(FI) = FI2.5. F(DL) = DL2.5. F(RC) = RC3.



Table 5
Collinearity condition index statistics of the calibrated model.

Collinearity diagnostics

Dimension Eigen value Condition index Variance proportions

Constant F(C) F(S) F(YAR) F(FI) F(DL) F(RC)

1 4.852 1.000 0.00 0.01 0.01 0.00 0.01 0.01 0.01
2 0.687 2.657 0.00 0.10 0.02 0.00 0.00 0.00 0.41
3 0.660 2.711 0.00 0.32 0.05 0.00 0.01 0.01 0.04
4 0.517 3.064 0.00 0.00 0.03 0.00 0.38 0.00 0.04
5 0.165 5.429 0.00 0.18 0.13 0.00 0.07 0.75 0.21
6 0.111 6.599 0.02 0.00 0.70 0.06 0.00 0.22 0.02
7 0.008 24.825 0.98 0.39 0.06 0.93 0.53 0.00 0.28

Where F(Variable) are the Box Cox transformed variables. F(C) = C5. F(Slope) = Slope−1. F(YAR) = YAR−1. F(FI) = FI2.5. F(DL) = DL2.5. F(RC) = RC3.
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correlation relies on this reservoir. The opposite cases are the models
calculated excluding Villar del Rey and Santolea, with a R2 = 0.88 and
0.87 respectively, so both reservoirs could also be considered outliers
for the model estimation, in this case due to their negative effect on
the correlation. However, considering that a further reduction in the
number of reservoirs would decrease the representativeness of the
study and the quality of the statistical analysis, they have all been
retained after the jackknife analysis.

3.4. Comparison with other models

Themodel was comparedwith othermodels using the same data set
to assess the correlation of the SSY values observed and predicted by the
calibrated model and the contrast models.

In the case of the ART model, the correlation between the predicted
and observed values of SSY is poor. The Pearson correlation coefficient is
Fig. 8. Explanatory variable
low (r=0.11) and not significant (r-test significance = 0.56). The cor-
relation with the calibrated model results shows an even poorer r coef-
ficient (r = 0.03 and r-test significance = 0.88). This model tends to
overestimate the lower SSY values (de Vente et al., 2011) because it is
adapted to large basins (Syvitski et al., 2005). In this case only the
smallest SSY values are overestimated while the rest are largely below
the observed values. ART does not therefore offer valid results to com-
pare with the model (5) since it does not fit either the observed SSY
values or the calibratedmodel. Themultiple linear regressionmodel de-
fined by de Vente et al. (2011) produces similar results to the previous
one. There seems to be no correlation between the observed and calcu-
lated SSY, as indicated by the Pearson correlation coefficient (r= 0.25)
and the significance test (r-test significance = 0.22), although the re-
sults are slightly better than with the ART model. Similarly, the correla-
tion between this model and the calibrated model is very low (r=0.18
and r-test significance=0.37). Thus although thismodelwas calibrated
s. Bicorrelation plots.



Fig. 9. Predicted SSY vs Observed SSY scatter plot. Reservoirs with the highest deviations between predictions and observations are highlighted with black circles and names.
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frommanyof the reservoirs that are part of the data set in this study, the
conclusions are the same as in the case above.

The FSM model predicts the observed SSY values quite well. This
model was applied using the same FSMIndex values originally defined
in the calibration of the model (de Vente et al., 2005; Verstraeten
et al., 2003), since many of the reservoirs in its data set coincide with
those of this study (22 of 26). The correlation between the SSY resulting
from this model and the observed SSY is strong (Fig. 11). The Pearson
coefficient is high (r = 0.86) and the correlation is significant (r-test
significance = 0.00). The correlation with the SSY values predicted by
the calibrated model is also high (r = 0.83 and r-test significance =
0.00).

4. Discussion

4.1. Model performance

The statistical fit of the model (5) to estimate SSY in reservoirs with
medium-sized basins (750 to 1750 km2) is statistically significant and
explains 84% of the observed variability (R2 = 0.84). The model uses
Fig. 10. Uncertainty analy
predictive variables based on the characteristics of the catchment
areas, which can be estimated or extracted from accessible databases.

This is an empirical model (5), statistically calculated with descrip-
tive information on reservoirswithmedium-sized basins andmostly lo-
cated in the Mediterranean regions of Spain. Its use should therefore be
restricted to similar reservoirs and conditions.

Themodels defined using the data produced by CEDEX from 1967 to
2004 have different levels of statistical fit depending on the reservoirs
considered, the predictive variables included in the model and the
methodology applied. There are different approaches through regres-
sion models, from a 17% prediction of variability (Avendaño Salas
et al., 1997) to 58% (de Vente et al., 2011). Other models have obtained
better fits, like the Factorial Scoring Model (FSM) at the level of 85%
(Verstraeten et al., 2003) and 69% (de Vente et al., 2005), or the PSIAC
model at the level of 61% (de Vente et al., 2005). Physically and empir-
ically based models have been calibrated using CEDEX information,
like WATEM SEDEM with a determination coefficient of 48% (de Vente
et al., 2008) or the ART model with 54% (de Vente et al., 2011).

The scatter plot of the observed values vs predicted values of SSY
points (Fig. 9) shows a clear approximation to fit the centred line
sis. Jacknife analysis.



Fig. 11. Uncertainty analysis. FSM model testing.
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(1:1) that represents the perfect correlation between these values. Nev-
ertheless, there are some reservoirs with an important error in the pre-
dicted SSY, both under and overestimated. Underestimated predictions
are particularly significant in the reservoirs of San Juan (Tajo water-
shed), Talave (Segura watershed), Villar del Rey (Guadiana watershed)
and Guadalhorce (SouthMediterraneanwatershed). In some cases (San
Juan, Talave and Guadalhorce), the difference can be explained by the
capacity considered in the calculation of the observed SSY. In these res-
ervoirs CEDEX reports a higher capacity than the correct capacity given
by the rivers authorities or theMinistry of CivilWorks (162 hm3 instead
of 137.8 hm3 in San Juan, 47.2 hm3 instead of 34.8 hm3 in Talave, and
134.4 hm3 instead of 126 hm3 in Guadalhorce), so the observed SSY ap-
pears to be overestimated. In other cases (Villar del Rey) there are ap-
parently active gullies, unprotected areas and even quarries close to
the shores (Fig. 12) that may be active sources of sediment (Poesen
et al., 2003) that are not considered in the model, so it is reasonable to
find higher than estimated observed SSY values.

The model overestimates SSY in some reservoirs like Bornos
(Guadalete Barbate watershed) and Santolea (Ebro watershed). In
both reservoirs there is a discrepancy between the capacity reported
by CEDEX (243 hm3 and 48.85 hm3 respectively) and the correct capac-
ity (215 hm3 and 42.58 hm3 respectively), which explains the
difference.

The jackknife analysis is applied to detect the potential bias of the
model and reports stable behaviour (R2 = 0.84), without the presence
of significant outliers that may condition the model calibration.
Fig. 12. PNOA Orthophoto. Villar del Rey Reservoir. Shore zone detail, with gullies and a
quarry.
The explanatory variables selected and their transformed forms are
all significant for the predictions, with different contributions to the
SSY estimation. In terms of magnitude, the standardized coefficients
(β) that compare the strength of the effect of each individual indepen-
dent variable on the dependent variable show that the first is the trans-
formed FI (exponent of transformationλ=2.5,β=0.786), followed by
DL (λ = 2.5, β = 0.739), RC (λ = 3, β = 0.671), C (C) (λ = 5, β =
0.626), YAR (λ = −1, β = 0.479) and finally S (λ = −1, β =
−0.279). The positive or negative way each variable contributes to the
model depends on the sign of the coefficient and the exponent of trans-
formation λ. The estimated SSY therefore increases as the FI, RC, C or S
increase. Conversely, the estimated SSY increases when DL or YAR
decrease.

The results of the sensitivity analysis (Table 6) show that the model
is more sensitive to positive variations of C, DL and FI, and negative var-
iations of YAR and DL.

Extreme rainfall has been identified as the climate agent most re-
sponsible for triggering soil erosion processes worldwide (Hilton et al.,
2008), and causes serious land degradation and environmental deterio-
ration (Wie et al., 2009). This effect is also present in othermodels, both
directly and as part of indices or factors that include other variables. For
example, PSIAC (PSIAC, 1968) and SPADS (de Vente et al., 2008) use a
factorial index that includes a climate factor referring to rainfall
torrentiality; however its relative value in the model is low, since in
PSIAC the index can have a value of 130 while the climate factor scores
only up to 10; however in SPADS the index is calculated by multiplying
six parameters with scores from 1 to 3. In WATEM-SEDEM (Van Oost
et al., 2000; Van Rompaey et al., 2001; Verstraeten et al., 2002), rainfall
intensity is used directly as the USLE rainfall erosivity factor (USDA SCS,
1965) alongwith five other variables, and other regression-based equa-
tions like the model defined by de Vente et al. (2011), which includes
Table 6
SSY variations (%) respect to predictive variable variations (%).

Predictive
variable

Average
value

% Variations in predictive variables

+1% +10% +25% −1% −10% −25%

C 0.08 2.2% 28.2% 108.7% −2.1% −17.0% −30.3%
S 10.70 0.6% 5.7% 12.8% −0.6% −6.8% −19.6%
YAR 590.65 −2.9% −25.3% −50.8% 3.0% 35.9% 124.4%
FI 37.25 2.5% 28.2% 87.0% −2.4% −21.5% −44.1%
DL 546.55 −4.3% −40.8% −87.1% 4.3% 43.7% 107.3%
RC 0.15 1.5% 17.4% 54.0% −1.5% −13.2% −27.1%
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the modified Fournier index (Arnoldus, 1977) in the prediction of SY
and a precipitation index in the prediction of SSY.

The importance of both vegetation cover (García-Ruiz, 2010;
Eshghizadeh et al., 2015; Gyssel et al., 2005; Igwe et al., 2017) and
slope (Barthes and Roose, 2002; Dadson et al., 2003) in erosion pro-
cesses have been described frequently. Practically all the models devel-
oped in study areas comparable to the ones in the current research
consider both factors (de Vente et al., 2013). In the FSM the vegetation
cover is the most important variable (de Vente et al., 2005;
Verstraeten et al., 2003) in the estimation of SSY.

Themodel suggests that the higher the yearly average rainfall (YAR),
the lower the sedimentation. This effect could be related with the
growth of thicker vegetation when annual precipitation increases,
thus providing better soil protection (Langbein and Schumm, 1958).
Other models such as WATEM-SEDEM, AGNPS (Young et al., 1989) or
SWAT (Arnold et al., 1998a, 1998b) also include precipitation in the cal-
culation of SSY, but directly related with erosion and sedimentation.

The same inverse effect on SSY is assigned for the drainage length,
which appears to be a logical consequence of the transport of the eroded
materials from the basin to the reservoir (Ferro and Minacapilli, 1995).
However, variables related with sediment transport are not common in
SSY models (de Vente et al., 2013), with some exceptions such as the
SSY Indexmodel (Delmas et al., 2009), which uses the drainage density
for predictions, and the regression-based model described by Buendía
et al. (2016) which also uses stream length.

In the case of Reservoir Coefficient (RC), the model shows that the
deeper the reservoir, the higher the SSY. This result may be explained
by the relation between the average depth of the reservoirs and the
slope of the banks, since a significant part of the sediment load depos-
ited in reservoirs comes from their direct watersheds. Some models
such as FSM are based on the sedimentation from the shore area of
the reservoir, including the slope gradient, so by considering the reser-
voir depth and the bank slope to be correlated, RC may be introducing
this factor in themodel. Another possibility is the accuracy of the obser-
vations,where the deeper the reservoir, themore accurate themeasure.
Only themodel defined byBuendía et al. (2016) corrects SSYdata in res-
ervoirs located downstream from one or more reservoirs, considering
the trapping efficiency of upstreamdams, although the estimated equa-
tion does not include anymorphological characteristic of the reservoirs.
Although reservoir depth and sediment deposition may also be related
to the reservoir's trapping efficiency, in this study it is assumed that
100% of the sediment remains trapped in the reservoir. Other factors
may come into play such as the design of the dam and outlet and the
reservoir's operating procedure (Hauer et al., 2018; Merritt et al.,
2003), among others. Thus, the regression analysis shows a clear corre-
lation between the observed values of SSY and RC (β= 0.671, t= 5.73
and significance = 0.000).

The catchment area (A) has been used in many models to predict
SSY. It is often the determining factor and inmany studies is the only ex-
planatory variable needed to define a significant predictive model
(Dendy and Bolton, 1976; Lahlou, 1988; Strand, 1975). The relation be-
tween SSY and area is usually indirect, so in thesemodels SSY decreases
with increasing basin area following a power equation, an effect de-
scribed in the theory of sediment sources and sinks (Walling, 1983).
This relation is not present in the data set in this study. The potential re-
gression, themost usual expression described for this relation (deVente
et al., 2007), was testedwith very poor results, with a determination co-
efficient of R2 = 0.01 and an ANOVA F-test = 0.23, clearly non-
significant. The correlation between the catchment area and SSY was
also analysed with the other explanatory variables, and the results
show no link between them in this data set (t = −0.77 and t-
significance = 0.94). This could be mainly due to the variability in the
climate and geomorphology of the reservoirs considered in the analysis
(Verstraeten et al., 2003) and the prior selection of reservoirs according
to their basin area,which reduced the possibility of explaining their var-
iabilitywith this factor. Several studies have determined the importance
of gullies and bank erosion in sediment production (Poesen et al., 1996,
2003), and they constitute an essential fraction of sediment yield, espe-
cially in mountainous and Mediterranean areas (de Vente et al., 2008;
Vanmaercke et al., 2011). It should be noted that unlike other models
used to predict SSY (Verstraeten et al., 2003), this model does not in-
clude the influence of gullies in the estimations, particularly gullies lo-
cated in the reservoir shore zone where transport and sedimentation
processes previous to the reservoir are minimized, thereby increasing
the sediment's capacity to reach the reservoir. As described above, this
could be the reason for some underpredictions in the calibrated
model, although some studies suggest that models without gully-
related variables compensate for this by overpredicting the hillslope
erosion (de Vente et al., 2013).

4.2. Model testing and validation

SSY models based on linear regression can have high correlation
values and so can apparently accurately predict the production of sedi-
ments. However, thesemodels are often unstable and lead to important
calculation errors when are extrapolated to other reservoirs. It is there-
fore important to adequately validate and test the model and not rely
solely on correlation estimators, as is common in regression studies
(Verstraeten and Poesen, 2001).

The correlation values obtained by applying the abovementioned
models are very variable. Both the ART model and the regression
model of de Vente et al. (2011) give some results that are very far
from the SSY values observed and predicted by the calibrated model.
In contrast, the FSMmodel produces results that are significantly corre-
lated with the observed and predicted SSY.

The poor results of the ART model may be due to the fact that this
model was originally calibrated for large basins (Syvitski et al., 2003)
and is a global model that does not reflect the local peculiarities of this
study. However, it has produced good results for Spanish reservoirs in
other studies (de Vente et al., 2011). It also tends to overestimate sedi-
mentation values (Syvitski et al., 2003), whichmay be related to the fact
that it does not consider sediment trapping in upstream reservoirs (de
Vente et al., 2011). However, in this validation ART predicts much
lower values than those observed. The conclusion is that ART is unable
to predict the existing variability in SSY values with the variables in
this model, namely basin area, elevation and temperature, which offer
little variability in the data set in this study. The regression model pro-
posed by de Vente et al. (2011) offers similar results, with a very poor
correlation with the observed values of SSY. In this case, this model
was calibrated with a data set similar to the one used in this study, al-
though it was broader and based on different explanatory variables
(de Vente et al., 2011), which would explain some lack of correlation
with the values of observed SSY. However, the prediction errors are
very high in this model, so may be related with the selection of the
data set.

Finally, FSM predicted SSY values that are strongly correlated with
the values observed and predicted by the calibrated model. In view of
the fact that the parametric models seem better calibrated for the pre-
diction of SSY, and particularly the FSM model applied to medium-
sized Spanish reservoirs (de Vente et al., 2013), this result appears to
support the performance of the calibrated model. Nevertheless, FSM is
an expert scoring model that is based on the assessment of the areas
closest to the reservoir and includes gullies together with other topog-
raphy, vegetation cover, lithology and basin shape ratios. In contrast,
the model calibrated in this study is based on the analysis of the entire
catchment and does not consider the contribution of gullies to the sed-
iment yield, but rather variables for climate, vegetation, drainage net-
work and topography. These two models are conceptually very
different, although the results show accurate predictions for both.

Although validation is not a common practice (de Vente et al., 2011),
the stability of other models in the literature has been tested using dif-
ferent methods. Some examples are a regression model that reduces its
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performance from 58% to 17% after validation in Spain (de Vente et al.,
2011), from 96% to 21% in Italy (Grauso et al., 2008), and from 76% to
36% in Belgium (Verstraeten and Poesen, 2001).

As described above, the sample size does not allow the implementa-
tion of a cross validation methodology, the most accepted and reliable
method of model validation. An alternative validation approach is of-
fered by the jackknife analysis (Bazoffi et al., 1996; Buendía et al.,
2016; de Vente et al., 2011; Verstraeten and Poesen, 2001). The model
can be considered to be validated by comparing the results obtained
when applying the jackknifemethodology to the samplewith the values
of SSY produced by the calibrated model (5).

The comparison of the calibrated model with other previously vali-
dated models (de Vente et al., 2011) provides additional information
for the validation of the model. In this case, the strong correlation of
the calibratedmodel (5) and the FSMmodel also supports the validation
approach.

4.3. Model uncertainty

Possibly the greatest source of uncertainty in themodel is the quality
of the data considered in the analysis, in regard to both the observed SSY
values and the variables input in the model.

The observed SSY values appear to have a high degree of uncer-
tainty, mainly in reservoirs undergoing several surveys during the
CEDEX study period. In some cases the differences between succes-
sive bathymetries point to a change in the sedimentation trend that
cannot be justified by the available information. The analysis of the
evolution of the successive bathymetries in the 26 reservoirs consid-
ered in the study shows that SSY varies from a significant dispersion
in the first surveys to a converging trend in recent years (Fig. 13).
This fact reinforces the decision to take the value for the last bathym-
etry in reservoirs with more than one data survey as the reference
sedimentation.

Another source of data uncertainty is the lack of information on the
reservoirs' operating procedures, so there is no knowledge of how dam
management can condition sediment evacuation through the outlets
(Hauer et al., 2018; Merritt et al., 2003). None of the models that have
been mentioned (de Vente et al., 2013), nor the one calibrated in this
analysis, takes this effect into account. Depending on the dam design
and the availability of water resources, the sediment load in reservoirs
can be reduced by flushing through low level-gates, sluicing or by the
Fig. 13. Evolution of observed SSY values in th
use of by-passes. Some simulations have indicated that between 90%
and 95% of the total sediment load can be eliminated from an off-
stream reservoir using these methods (Morris, 2010), so it is essential
to consider them when interpreting the results of bathymetric surveys.

The selection of the explanatory variables used in the model is an-
other potential cause of uncertainty. In the current study, the variables
chosen are related to the processes of production (erosion), transport
and deposition of sediments, although other explanatory factors could
have been selected. For example, de Vente et al. (2011) fitted a regres-
sion model based on various lithology and soil descriptors (fluvisol,
limestone and acid metamorphic rock rates), topography (relief ratio
and slope gradient), precipitation (precipitation concentration index)
and land cover (shrub cover rate); and Grauso et al. (2008) calibrated
a regression model in Italy using the catchment area and perimeter,
and lithology-based erodibility. Verstraeten and Poesen (2001) devel-
oped amodel using onlymorphological variables such as the catchment
area, topography index and drainage length. Some global models like
ART use only the catchment area, altitude and temperature, while the
later BQART introduces annual discharge and an index related to lithol-
ogy and human impact (Syvitski and Milliman, 2007). As described
above, there are many models in the literature that predict sedimenta-
tion with only the catchment area. With such a wide variability of de-
scriptors it is reasonable to assume that the selection of variables and
the definition of a SSY model depend on the local scope of the study
and the characteristics of both the catchment and the observations.

The model considers that the variables that characterize the water-
shed are representative, without any temporal variations. This is true
for its morphological and topographic characteristics, drainage network
(although there may be actions on its linear continuity that are not
known) and even the climate if the time scale is reduced. However,
there may be substantial variations in land use and vegetation cover
(García-Ruiz, 2010) over short periods of time which, depending on
the updating of the data source, may introduce significant errors in
the model. The reason for these modifications can be diverse: forest
fires (Moreira et al., 2011), changes in land use (Serra et al., 2008), the
natural evolution of the vegetation (Herguido Sevillano et al., 2018) or
reforestation, amongothers. The calibratedmodel is very sensitive to in-
creases in the C factor. Since an increase in C indicates less protection
against erosion (USDASCS, 1965), themodelwill yield very different re-
sults if the degradation of the vegetation cover is not accurately
characterized.
e analysed reservoirs from 1968 to 2001.
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Finally, it should be noted again that the model has not been cross
validated due to the small size of the data set. Although the jackknife
analysis can be used in these cases to provide a validation approach,
this method is not as robust and reliable as cross validation.

4.4. Statistical aspects

The analysis of a sample using statistical techniques requires a min-
imum number of cases so that the results – in this case the regression
equation and the associated performance estimators – are representa-
tive and the uncertainty is reduced to the confidence interval (Kish,
1965). There is a major controversy surrounding the sample sizes
needed for different statistical methodologies (Russell, 2001). In the
case of linear regression, the number of observations varies from amin-
imum of 15 (Schmidt, 1971) to 200 (Green, 1991), and a standard
amount of 10 * the number of independent variables is often applied
in multilinear regression (Harrell, 2001). The size of the population
where the sample is collected is an important factor in assessing the ap-
propriate size. In this study, the initial data set constituted by the CEDEX
bathymetric information includes 131 reservoirs that represent almost
37% of the total capacity of large Spanish reservoirs, and 50% of the ca-
pacity in the Spanish Mediterranean basin, although its representative-
ness decreases if the entire Mediterranean region is considered. If only
the 26 selected reservoirs are considered, the sum of capacities repre-
sents almost 6% of Spain's total capacity and 9.5% of the capacity of the
Spanish Mediterranean basin. Consequently, the size of the data set
analysed in this study can be considered large enough in terms of the
analysed population, but insufficient considering the requirements of
the multilinear regression.

The models described in the literature show awide variability in the
size of the observation sample. For example, models calibrated in Spain
with the CEDEX data are based on 61 (de Vente et al., 2008, 2011) or 60
(de Vente et al., 2005) reservoirs. In Italy, Grauso et al. (2008) used only
16, and 26 were used in Belgium (Verstraeten and Poesen, 2001). Some
globalmodels are based on an extensive data set, such as the ARTmodel
which is based on 327 observations (Syvitski et al., 2003) and the
BQART model on 488 observations (Syvitski and Milliman, 2007).

The model calibration applied transformation methods to both the
dependent and independent variables to allow the analysis of non-
linear relationships between them using linear regressionmethodology
(Box and Cox, 1964). Themodels defined by linear regression (de Vente
et al., 2011; Grauso et al., 2008; Verstraeten and Poesen, 2001) are based
on the existence of a linear relationship between the observed SSY
values (in some cases a logarithmic transformation of SSY is used) and
the explanatory variables, but when the relationship between indepen-
dent variables and the dependent SSY variable is non-linear, the results
of the regression analysis will underestimate the true relationship
(Osborne andWaters, 2002). In this study, this restriction is eliminated
by transforming the variables, which serves many other functions in
quantitative data analysis, such as improving the normality of a distri-
bution and equalizing variance tomeet assumptions and improve effect
sizes, thus constituting important aspects of data cleaning and prepar-
ing for statistical analyses (Osborne, 2010).

5. Conclusions

This study analyses the complete sedimentology and bathymetry
database compiled and calculated by the CEDEX in the period
1967–2004 in 272 reports on 131 Spanish reservoirs, focusing on a
group of 26 reservoirs with a basin area in the range of 750 to
1750 km2, located in the area of Mediterranean influence in Spain. The
basin area and reservoirs have been characterized for this group
through 11 explanatory variables in order to define a regression
model to estimate the Specific Sediment Yield (SSY).

After a three-step process, only variables C, Slope, Yearly Average
Rainfall, Fournier Factor (Torrentiality Factor), Drainage Length and
Reservoir Coefficient were included in the final regression model, all
with a very high level of correlation with SSY. The model calibration in-
cludes the transformation of the explanatory variables using a potential
expression so both the linear and non-linear relation between SSY and
the explanatory variables have been investigated.

The estimated regression model (5) has a determination coefficient
of R2 = 0.84 (able to explain 84% of the observation) with a very high
level of significance of the ANOVA F-test = 0.000, and is consistent
with the usual assumptions of multiple linear regression models. The
graph analysis of the values of SSY estimated with the model shows a
fairly close fit to the observed values. The model has high sensitivity
to positive variations in C, Drainage Length and FI, and to negative var-
iations in YAR and Drainage Length. It was resampled with a jackknife
analysis (R2 = 0.84) and tested with three SSY models: ART, FSM and
the regression model described by de Vente et al. (2011). ART and the
regression model show no correlation with the observed and predicted
values of SSY, so noperformance information can be derived from them.
FSM shows a close correlation with both the observed and predicted
SSY, so this model reinforces the performance of the model calibrated
in this study. However, many causes for uncertainty and instability
have been described, such as data quality (bathymetric surveys) and
availability (reservoir operating procedures), and subjectivity in the se-
lection and characterization of variables. Notwithstanding these limita-
tions, the model offers valuable information to explain the processes
involved in the estimation of SSY in reservoirs with medium-sized ba-
sins without bathymetric information or to analyse the effect of modifi-
cations in the conditions of the reservoir basins on sedimentation.
Although the model has not been validated using the cross validation
methodology, the main and most accepted method to validate regres-
sion equations, the jackknife methodology and the correlation with
the FSM model may support the model validation. In any case, this
model instability requires local calibration before its application to
other reservoirs. The model also shows interesting relations between
SSY and certain basin characteristics, while others do not appear to be
related. For example, there is a positive relation with rainfall
torrentiality, land cover and slope gradient, a negative relation with
yearly rainfall and drainage length, and a lack of relation with soil ero-
sivity (characterized with the USKE K factor) and the catchment shape
and area. The negative relation with yearly rainfall is likely due to the
higher soil protection afforded by the vegetation growth, and drainage
length is related with the transport distance the eroded materials have
to travel before reaching a reservoir. The model also reveals a strong
and positive correlation between sedimentation and reservoir depth
ratio, which has been explained by the possible relationship between
the reservoir depth and bank topography. In contrast, there appears to
be no relation between SSY and the catchment area, a factor that is
broadly related with sedimentation in the literature.

This study has allowed the definition of a sedimentation model for
reservoirs that can be used, after local calibration, as an indicator for
planning actions in the basin or for estimating available resources. The
correlations detected by the regression analysis confirm the main fac-
tors that characterize the processes of production, transport and deposi-
tion of sediments. The transformation of variables in the calibration
allows the investigation of the non-linear relationships between the
variables. In any case, the uncertainty of the model seems to be mainly
associated with the data used, so its extrapolation to other reservoirs
should be based on a comprehensive and verified data set.
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