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Abstract 

A widely used tool in order to estimate relative source contributions to the overall eroded sediment 

of mid to large scale catchments is sediment fingerprinting. In order to do so, the deposited 

sediment in sinks as well as soil samples of the classified sources (e.g. land use, lithology, …) 

are analyzed on their tracer (e.g. geochemistry, pollen, …) composition. Before the estimated 

source contributions are calculated, it is common to apply (statistical) tests on the analyzed 

tracers to identify those – so called fingerprints – which have the highest discrimination potential 

between the sources of the catchment. Depending on the fingerprints applied – and therefore 

depending on the fingerprint selection procedure used – the results may vary. Therefore, there is 

a need to establish which selection procedure delivers the most reliable results. In order to 

achieve this aim, this study conducted a sediment fingerprinting approach in a subcatchment of 

the Isábena catchment. 

 

Three optimum packages (OP) were generated using three different fingerprint selection 

procedures and used to calculate the estimated source contributions to the deposited sediment 

along the river using the R-package “fingerPro” by Lizaga et al. (2018). Validation of the optimum 

packages and the estimated contributions was conducted with a linear discriminant analysis 

(LDA), literature reviews, and artificial sink samples.  

 

The results of the study suggest, that the most accurate contributions are produced with a 

fingerprint selection consisting of a range test, Kruskal-Wallis test, and a discriminant function 

analysis. The authors further recommend to validate sediment fingerprinting results with artificial 

sink samples as they have shown to be the most reliable validation tool.    
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Kurzfassung 

Ein oft genutztes Mittel um die relativen Erosionsbeiträge verschiedener Quellen in einem 

mittelgroßem bis großem Einzugsgebiet abzuschätzen ist das sogenannte sediment 

fingerprinting. Dafür wird das in Senken abgelagerte Sediment sowie Bodenproben der 

Quellen (z.B. Landnutzung, Lithologie, usw.) auf ihre Tracer-Zusammensetzung (z.B. 

Geochemie, Pollen, usw.) analysiert. Bevor die Quellenbeiträge berechnet werden, 

werden üblicherweise (statistische) Tests an den analysierten Tracern durchgeführt, um 

diejenigen – sogenannte fingerprints (Fingerabdrücke) – zu identifizieren, die das höchste 

Diskriminierungspotential zwischen den Quellen des Einzugsgebiets aufweisen. 

Abhängig von den verwendeten fingerprints und daher von dem verwendeten fingerprint 

Auswahlverfahren können die Ergebnisse variieren. Deshalb sollte das Verfahren 

bestimmt werden, welches die zuverlässigsten Ergebnisse liefert. Um dieses Ziel zu 

erreichen, wurde in dieser Studie einen sediment fingerprinting Ansatz in einem 

Teileinzugsgebiet des Isábena Einzugsgebiets durchgeführt. 

 

Drei Optimum Pakete (OP) wurden durch die Anwendung von drei verschiedenen 

Verfahren zur Auswahl von fingerprints erzeugt. Diese wurden dann zur Berechnung der 

relativen Beiträge der Quellen zum erodierten und abgelagerten Material in Senken 

entlang des Flusslaufes mithilfe des R-Pakets „fingerPro“ von Lizaga et al. (2018) 

verwendet. Die Validierung der OP‘s und der geschätzten Beiträge wurde mit einer 

linearen Diskriminanzanalyse (LDA), einem Literaturvergleich und Ergebnissen aus 

künstlichen Senken durchgeführt. 

 

Die Ergebnisse der Studie legen nahe, dass die genauesten Beiträge mit einer fingerprint 

Auswahl erzielt werden, die aus einem range-Test, einem Kruskal-Wallis-Test und einer 

Diskriminanzfunktion besteht. Die Autoren empfehlen ferner, die Ergebnisse von 

sediment fingerprinting Untersuchungen mit künstlichen Senkenproben zu validieren, da 

sie sich als das zuverlässigste Validierungsinstrument erwiesen haben.  



6 
 

Table of Contents 

 

Author’s declaration .................................................................................................................... 2 

Acknowledgements .................................................................................................................... 3 

Abstract  ..................................................................................................................................... 4 

Kurzfassung ............................................................................................................................... 5 

List of Figures ............................................................................................................................. 7 

List of Tables .............................................................................................................................. 8 

Introduction ................................................................................................................................ 9 

Study site ................................................................................................................................. 10 

Methods  ................................................................................................................................... 11 

Publication ................................................................................................................................ 12 

 Under review confirmation .......................................................................................... 13 

 Abstract ...................................................................................................................... 14 

 Introduction ................................................................................................................. 15 

 Study Area .................................................................................................................. 17 

 Methods ...................................................................................................................... 20 

                    Sediment source sampling and laboratory analyses .......................................... 20 

                    Optimum Packages ........................................................................................... 21 

                    Unmixing Model ................................................................................................. 22 

                    Validation........................................................................................................... 23 

 Results ....................................................................................................................... 26 

 Discussion .................................................................................................................. 30 

                     Variation of results between optimum packages ............................................... 31 

                     Validation using LDA ........................................................................................ 31 

                     Validation using literature comparison .............................................................. 33 

                     Validation with artificial sinks ............................................................................ 34 

 Conclusions ................................................................................................................ 36 

 Acknowledgements ..................................................................................................... 37 

 Data Availability Statement ......................................................................................... 37 

 Literature .................................................................................................................... 38 

Summary of the results............................................................................................................. 48 

Discussion ................................................................................................................................ 49 

Conclusions .............................................................................................................................. 50 

Bibliography ............................................................................................................................. 51 

 



7 
 

List of Figures 

 

Figure 1: Maps showing (a) Digital Elevation Model of the Isábena catchment. (b) the location of 

the Ceguera and Isábena catchments on the Spanish Peninsula. (c) Orthoimage of the 

Ceguera catchment as well as positions of sampled sinks. (d) Land use distribution of 

the catchment and source sample locations. .............................................................. 19 

Figure 2: 2D and 3D scatterplots of the linear discriminant analysis results with the area for each 

source. Both versions show the LD1 on the x-axis and the LD2 on the y-axis.The 3D 

version additionally provides the LD3 on the z-axis. .................................................... 25 

Figure 3: Modeled source contribution in percentage of each of the optimum packages 1, 2 and 

3 (from left to right; see Artificial Sink 1 A) per artificial sink sample. The real proportion 

of each source is shown as a solid, orange line. Red crosses below the bars indicate 

wrongly estimated source contributions. ..................................................................... 29 

Figure 4: Source contributions of each OP (in blue colors) and the results of literature. Dotted 

bars represent studies that were conducted using SWAT or RMMF, and non-dotted bars 

represent sediment fingerprinting studies. Green bars were used in the discussion to 

validate the results. Red bars were excluded of the validation. ................................... 30 

Figure 5: Source contributions per optimum package for each of the four sampled sinks of the 

catchment. .................................................................................................................. 32 

 

  

file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631473
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631473
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631473
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631473
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631474
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631474
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631474
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631475
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631475
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631475
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631475
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631476
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631476
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631476
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631476
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631477
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631477


8 
 

List of Tables 

 

Table 1: Analyzed property groups with their measured properties and the amount of properties 

per group .................................................................................................................... 20 

Table 2: Applied selection method and resulting fingerprints per optimum package ................. 21 

Table 3: Overview of the literature used to validate the estimated contributions of sink 1. The top 

three studies were conducted with sediment fingerprinting studies, while (semi-) 

physically based models were used for the lower three studies. † only stated that 

between 60 and 80% of the total eroded sediment originated from badlands and <10% 

from forests; a more specific breakdown was not possible. ......................................... 24 

Table 5: GOF and estimated source contributions for sink 1 per optimum package. Values are 

given in %. Contributions per source are stated as mean ± sd. ................................... 26 

Table 4: Goodness of fit (GOF) [%], estimated contributions [%], amount of wrongly estimated 

sources and the highest minimal deviation [percentage point; p.p.] for each artificial sink 

sample per optimum package. (i) cont. stands for the generated proportions of each land 

use unit per artificial sink sample, (ii) mean is the modeled mean value of 2000 iterations, 

and (iii) sd stands for the modeled standard deviation. † at mean value indicate sources 

that were wrongly estimated by the model. ................................................................. 27 

Table 6: Comparison of estimated mean contributions per land use unit for sink 1, if only models 

with a GOF ≥ 80% were used or no limitations on GOF inclusion were made. The number 

stated in brackets in the Condition column indicates the amount of models with a GOF ≥ 

80%. Only mean values are stated for each source. All values are in % ..................... 28 

  

file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631710
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631710
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631710
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631710
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631710
file:///I:/Uni/Master/Studienabschluss/Masterarbeit/Masterarbeit.docx%23_Toc36631710


9 
 

Introduction 

The Central Spanish Pyrenees suffer severely from soil erosion and sediment yield, due to the 

topographic and climatic heterogeneity and altitudinal gradient. An additional enhancing effect to 

soil erosion and sediment yield in this area is the ongoing land abandonment happening since 

the 1950’s (Palazón & Navas 2014). Terraces initially played a substantial role on cultivated 

hillslopes due to the enhanced water infiltration and therefore reduced surface runoff. Due to the 

ceasing of maintenance, terraces collapse and increase the supply of sediment loads (Arnaez et 

al. 2010). As a consequence of that reservoirs of the region suffer severely from siltation.  

In order to take countermeasures, information about the relative contribution of each source of a 

catchment to the total eroded sediment is valuable data to understand soil distribution processes 

and therefore for catchment management strategies (Gaspar et al. 2019). Sediment fingerprinting 

is a widely used technique through which this data can be gathered (Collins and Walling 2002, 

Walling 2005, Kraushaar et al. 2015, Palazón et al. 2015, Collins et al. 2017, Gaspar et al. 2019).  

Different source types (e.g. land use, geology) influence the properties – or fingerprints – of the 

sediment situated on the given source. These fingerprints can be of physical (colour or grain size), 

chemical (geochemistry, mineral-magnetism, fallout radionuclides, etc.), or biological (soil 

enzymes, pollen) nature (Collins et al. 2017). By linking the sources’ fingerprint concentrations to 

the concentrations found in the deposited sediment, the origin as well as the relative contribution 

of each source can be identified (Owens et al. 2016).  

The sediment fingerprinting workflow consists of two major steps (Collins et al. 2017). In the first 

step properties of the sediment are tested on their power to discriminate between the sources. 

Properties that pass the tests are further used in the second step, the endmember modelling. In 

this study, the properties – as individuals – are referred to as fingerprints while the combination 

of those are called optimum packages.  

 The endmember modelling typically generates an estimated mean source contribution to the sink 

– whereas the sum of estimated source contributions does not exceed 100% - and an associated 

standard deviation for each source type (Brosinsky et al. 2014, Kraushaar et al. 2015, Manjoro et 

al. 2017, Palazón & Navas 2017, Gaspar et al. 2019, Lizaga et al. 2019). As an additional step 

most studies validate the results using artificial sink samples (Brosinsky et al. 2014, Smith et al. 

2018, Gaspar et al., 2019), literature  (Manjoro et al. 2017), the goodness of fit – a parameter to 

measure the quality of each endmember model results –  (Haddadchi et al. 2014, Gaspar et al. 

2019), or suspended sediment load (Palazón et al. 2015, Vercruysse & Grabowski, 2019). 

A pitfall in sediment fingerprinting is, that different tests or combinations of tests can be and are 

used to determine the fingerprints and therefore the optimum packages. This study aims to 

continue the work of Palazón & Navas (2017), Smith et al. (2018) and Gaspar et al. (2019) in 

order to identify one workflow, that generally produces the most reliable results. 
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Study site 

The Ceguera catchment – a 22 km² subcatchment of the Isábena catchment – was chosen as 

study site, since it fulfilled three major criterias: (i) the study area had to be suited on a 

homogenous lithology, (ii) previous studies had to prove a high sediment yield from the catchment 

(López-Tarazón et al. 2012), and (iii) a high relief energy within the catchment had to be given.  

The Mediterranean and Atlantic Ocean influence the study area in the southern, central Pyrenees 

(600 – 1355 m a.s.l.) on the Iberian Peninsula, resulting in a wet and cold mountain type climate 

(García Ruiz et al. 2001). The catchment is mainly situated on sandstone, while only small 

portions in the north-east are characterized by conglomerates.  

As a result of lithology and climate, the dominant soil type of the catchment is Kastanozem on 

which mainly shrublands (53,9%) and forests (41,3%) occur, while agricultural land (4,7%) and 

badlands (0,1%) only cover a small portion. 
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Methods 

For each land use unit of the Ceguera catchment (4) six sediment source samples were taken, 

resulting in a total source sample size of 24. Additionally, four sink samples of freshly deposited 

alluvial sediment were gathered along the river. Each of the 28 samples was a result of multiple 

samples per sampling site combined in one bulk sample of approximately 300 g. These samples 

were then oven dried (105°C), sieved (<63 µm) and analysed on their geochemical composition. 

Prior to the fingerprint selection potential non-conservative tracers (P2O5, Cu, Pb, and Zn) were 

excluded and a range test was conducted in order to eliminate further non-conservatively 

behaving tracers.  

 

Three different optimum packages (OP) consisting of selected fingerprints were generated, each 

time using different selection methods. The first OP was generated using a Kruskal-Wallis test 

and a Discriminant function analysis, representing the most commonly used OP (Collins et al. 

2017). OP2 was generated through a Kruskal-Wallis test and the selection of well discriminating 

fingerprints according to their boxplots. OP3 had no further tests or selection methods applied 

and consisted of all conservative behaving fingerprints. The latter two optimum packages are 

more frequently mentioned and tested in recent studies, since either a pure statistical selection 

method (Lizaga et al. 2019) or the importance of a fingerprint selection in general (Smith et al. 

2018) is questioned, respectively.  

 

The unmixing was done using the R package fingerPro by Lizaga et al. (2018). This package 

uses a linear multivariate unmixing model with a Monte Carlo uncertainty analysis in order to 

estimate the relative contributions of each sediment source to the total eroded and deposited 

material in the sink. 

 

Since, the validation of the modelled results is one of the – if not the most – crucial part of a 

(sediment fingerprinting) study, three validation possibilities were applied and tested. (i) The 

discrimination potential of each optimum package was checked using a linear discriminant 

analysis. (ii) The estimated results for each OP were compared to the findings of six other erosion 

studies which were conducted in either the Isábena or the Ebro catchment, of which the Isábena 

is a subcatchment of. (iii) To validate the performance of each optimum package,  five artificial 

sink samples were generated and unmixed. Since, the “true” relative contribution of each artificial 

sink sample is known, the OP performance was assessed by checking if the “true” contributions 

lie within the modelled mean values ± their standard deviation.  
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Abstract 

Sediment fingerprinting is a widely used method for estimating relative sediment contributions of 

given sources to the total sediment output at catchment scale. It is an important tool in sediment 

management in mid to large scale catchments. However, results may vary depending on the 

applied tracer selection and model used. Hence, there is a need to test the most reliable approach 

for the individual setting. In this study a sediment fingerprinting approach was conducted in a 

subcatchment of the Isábena River in the Spanish Pyrenees. As the Isábena catchment suffers 

from accelerated erosion it has been the focus of other erosion and fingerprinting studies and 

therefore serves well to test different methodological approaches.  

 

Three different pre-test procedures were used to test which non-soluble element compositions 

deliver the most reliable results in comparison to the results of linear discriminant analyses (LDA), 

literature reviews, and artificial sink samples. The endmember modeling was conducted using the 

R-package “fingerPro” by Lizaga et al. (2018).  

 

Results indicate that a combination of the Kruskal-Wallis test and discriminant analysis as a pre-

test serve best. Furthermore, artificial sink samples prove to be the most accurate validation tool 

and are preferable to a simple literature comparison. 
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Introduction 

Fingerprinting is a commonly used method to assess the relative source contributions of a 

sediment, pollen or any kind of material to a sink, which may be lake sediments (Palazón et al. 

2016, Palazón & Navas 2017), channel banks (Haddadchi et al. 2014, Sherriff et al. 2018) or an 

archaeological finding (Pitblado et al. 2013, Zipkin et al. 2017). The information derived from the 

assessment displays the dynamics of a system and allocates the contributions to the final content. 

This information, as in the case of sediments, can be vital for further management plans for a 

catchment (e.g. Walling 2005, Navratil et al. 2012, Gholami et al. 2017).  

 

The sediment fingerprinting method is based on the assumption that different source types (e.g. 

land use, geology) influence the physical (grain size, color), geochemical (major and trace 

elements), mineral magnetic (magnetic susceptibility) and/or organic (fatty acids, pollen) 

properties – or fingerprints – of the soils or sediments (Collins et al. 2017). These fingerprints are 

used to identify the origins of deposited sediments by linking their concentrations in sinks to those 

in source areas of the catchment (Owens et al. 2016). 

 

The broad spectrum of applications, the high number of possible tracers as well as the many 

adjusting screws that influence the mixing models output have led to a large number of studies 

investigating the workflow of sediment fingerprinting. Customarily the workflow consists of the 

foreplay – through which properties are selected as fingerprints for the further steps –, the 

unmixing of the data, and the validation of the results. Recent studies have evaluated the spatial 

variability of source material properties (Du & Walling 2017), the effect of different mixing models 

(Laceby & Olley 2014, Palazón et al. 2015), uncertainty assessments of the modeled estimations 

(Martínez-Carreras et al. 2008), and the temporal and/or spatial variability of source sediments 

(Cooper et al. 2014, Sherriff et al. 2018, Lizaga et al. 2019, Vercruysse & Grabowski 2019). 

Regarding the selection of fingerprints, researchers have focused on the potential of new 

fingerprints (Gaspar & Navas 2013, Gellis & Noe 2013, Barthod et al. 2015,  Alewell et al. 2016, 

Reiffarth et al. 2016), the conservative behavior of fingerprints (Koiter et al. 2013b, Sherriff et al. 

2015) and the selection of optimum fingerprint packages (Collins et al. 2017, Palazón & Navas 

2017, Gaspar et al. 2019a). 

 

The selection of optimal fingerprints is a crucial requirement in sediment fingerprinting 

assessments (Lizaga et al. 2019). In this paper we designate the measured element concentration 

of each source as properties which, when selected, will then be referred to as fingerprints. 

Fingerprints need to provide a good discrimination between the potential sources and behave 

conservatively on their way from source to sink. The impact of weathering processes on a 

sediment fingerprint should be known and taken into account (Collins et al. 2017, Koiter et al. 
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2018), as should possible changes in the chemical milieu the sediments might be deposited in 

(Kraushaar et al. 2015).  

 

The conservative behavior and the impact of weathering processes can be evaluated through the 

application of statistical tests and knowledge-based decisions. Common practice in assessing the 

conservative behavior of fingerprints involves performing a simple range test or excluding 

properties that are prone to be affected by weathering (Collins & Walling 2002, Koiter et al. 2013b, 

Miller et al. 2014, Collins et al. 2017, Palazón & Navas 2017, Lizaga et al. 2018, Gaspar et al. 

2019b). Even though there are various statistical tests and knowledge-based methods for 

selecting fingerprints with the highest discriminatory power, there is no universal pre-mixing 

workflow (Collins et al. 2017). Nevertheless, fingerprint selection through the application of a 

range test, a Kruskall-Wallis test, and a discriminant function analysis can be considered as the 

most commonly used tracer set in various sediment fingerprinting studies (Collins et al. 1998, 

Collins & Walling 2002, Walling 2005, Evrard et al. 2011, Smith & Blake 2014, Palazón et al. 

2015, Gholami et al. 2017, Palazón & Navas 2017, Boudreault et al. 2019). An increasing number 

of studies question the validity of a purely statistical foreplay and rather include expert-based 

knowledge (Koiter et al. 2013a, Collins et al. 2017, Lizaga et al. 2019), posing the question of 

which foreplay results in the most reliable results. 

 

In this regard, this study aims to evaluate the performance of three different approaches to 

selecting the optimum fingerprint package (OP) for a given catchment and presents the most 

reliable pre-mixing workflow for the case study of the Isábena River in Spain. The three 

approaches evaluated include the selection of fingerprints through (i) range test, Kruskal-Wallis 

test (KW-test) and discriminant function analysis (DFA), (ii) range test, KW-test and boxplots, and 

(iii) applying no tests or expert decisions in order to test whether such steps are necessary. 

Validation of the mixing model results was performed using linear discriminant analysis, literature 

values from previous studies and artificial sink samples. In a further step, these validation tools 

will be assessed in terms of their implementation and soundness as a validation tool. The study 

was conducted in the Isábena catchment in the southern central Spanish Pyrenees. The area is 

highly affected by soil erosion compared to similar sized catchments in European Mediterranean 

regions (Vente et al. 2006, López-Tarazón et al. 2012), leading to severe siltation in the Barasona 

reservoir, as well as numerous research studies focusing on erosion and sediment yield (Francke 

et al. 2008, López-Tarazón et al. 2009, Brosinsky et al. 2014, Buendia et al. 2015, Palazón et al. 

2015, Francke et al. 2018). This intensively investigated catchment is therefore most suitable for 

the testing of new tracers (Brosinsky et al. 2014) and better selection procedures.  
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Study Area 

The Ceguera catchment is located in the southern central Pyrenees on the Iberian Peninsula 

(Figure 1) and encompasses an area of 22 km². Its drainage area is a tributary to the Isábena and 

downstream of the Èsera River. Two kilometers after the confluence of the Isábena and the Ésera 

River, the water flows into the Barasona Reservoir from where it enters the Ebro River. The 

elevation of the Ceguera catchment ranges from 600 to 1355 m a.s.l. (Figure 1a), leading to slight 

temperature and precipitation gradients from west to east (Verdú et al. 2006a). Both the 

Mediterranean and the Atlantic Ocean influence the catchment’s climate, resulting in a wet and 

cold mountain type climate (García Ruiz et al. 2001). Measurements of mean annual precipitation 

between 2009 and 2014 varied from 620 mm to 671 mm depending on the measurement 

configuration (Francke et al. 2018). 

 

The hydrology of the catchment is characterized by nival-pluvial precipitation. Periods of high 

water yield (max. 22.4 m³/s) typically occur in spring due to snowmelt and in late summer and 

autumn due to local thunderstorms (García Ruiz et al. 2001, Francke et al. 2018). From July until 

August the river typically has the least flow and is likely to dry out (López-Tarazón et al. 2012). 

Gauging stations at the outlet of the catchment measured a mean discharge of 0.21m³/s between 

2009 and 2014 (Francke et al. 2018). 

 

The homogenous lithology of the Ceguera catchment is characterized mainly by sandstone, with 

small areas in the north consisting of conglomerates. Kastanozems are the dominant soil type of 

the catchment, although there are small areas in the north where Rendzinas prevail (ESDB 2004). 

The mostly shallow soils (< 0.6 m) of the catchment are stony, overlie fractured bedrock and have 

textures ranging from loam to sandy loam. This leads to well-drained soils with limited average 

water content (Palazón & Navas 2014, Palazón & Navas 2016). 

 

Both river branches – northern and southern – originate on the sandstone plateau before cutting 

through the steep, v-shaped valleys. After the merging of the two branches to the Ceguera River, 

the v-shaped morphology of the valley continues. Therefore, for most of the catchment area, the 

lateral connectivity from slope to river is ensured. A good longitudinal connectivity can be 

assumed, since the riverbed consists mainly of bedrock with few gravels.  

 

During the last 60 years the Spanish Pyrenean region has suffered from agricultural land 

abandonment. The former agricultural land has gradually become overgrown, leading to natural 

reforestation (Gallart & Llorens 2004), which is currently in the successional stage of shrubs, as 

confirmed by Corine Satellite Land Cover observations (Figure 1d, CLC 2018) which show the 

catchment is currently predominantly covered by shrubland (53.99%) and forests (41.31%), while 
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agricultural fields (4.67%) and badlands (0.03%) play a minor role. However, since only 11 

(agriculture: 3, badlands: 0, forests: 5, shrublands: 3) out of 24 sampled sites correspond with the 

CLC 2018 data (Figure 1 d), the land use proportions of the CLC data are considered only as a 

rough estimate. The inconsistencies are most likely caused by misclassifications during the 

classification process of the CLC.   

 

The Ceguera catchment was selected as the study area since it fulfilled three conditions: (i) the 

study area had to be characterized by a homogeneous lithology since the authors wanted to avoid 

varying geochemical concentrations of the soil being caused by changing lithology rather than by 

changes in land cover; (ii)  the catchment had to be proven to be characterized by a high sediment 

yield by previous studies (López-Tarazón et al. 2012); and (iii) the study area had to have high 

relief energy as well as high connectivity in order to ensure that the eroded sediment reaches the 

river and is not deposited on its way downslope.   
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Figure 1: Maps showing (a) Digital Elevation Model of the Isábena catchment. (b) the location of the Ceguera and 
Isábena catchments on the Spanish Peninsula. (c) Orthoimage of the Ceguera catchment as well as positions of 
sampled sinks. (d) Land use distribution of the catchment and source sample locations. 
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Methods 

Sediment source sampling and laboratory analyses 

Six sediment source samples (n = 24) were collected in each land use unit (Fig. 1). The choice of 

sampling sites was based on (i) the occurrence of visible erosion features, such as rill or sheet 

erosion, (ii) characteristics of long-term land uses, such as tall trees or terraces, and (iii) equal 

distribution throughout the catchment. At each sampling site multiple samples were taken from 

the first three centimeters of topsoil, combining a mixed sample of around 300g using a plastic 

shovel. Additionally, four sink samples were gathered from recently deposited alluvial sediment 

banks along the river (Fig. 1). Sediments were only retrieved from vegetation-free areas and 

showed no signs of longer deposition in the form of initial pedogenesis, for example.  

 

In the laboratory, the source and sink samples were oven dried at 105°C and sieved to <63 µm 

to generate a comparable grain size fraction between source and sediment materials, following 

the sample preparation procedure of Walling (2005) and Collins et al. (2017). Finally, all samples 

were finely ground in a swing mill before analysis of their major and trace elements (Table 1).  

Ten major element concentrations were determined by applying a X-Ray fluorescence 

spectrometry (XRFS) analysis on a sequential X-Ray spectrometer PANalytical PW2404 (4kW 

and Rh anode) using fused beads. The fused beads were produced by pouring the homogenized 

mixture of 0.8000 g of calcined powder and 8.0000 g of a TB/MB-Mixture (Fluxana FX-X65-2; Di-

Lithiumtetraborate:Di-Lithiummetaborate = 66:34) in the automatic fusion machine PANalytical 

EAGON 2 (Duboc et al. 2019 – supporting information).  

 

To measure the trace element composition of the samples, about 0.5 ml of an aqueous polyvinyl 

alcohol solution were added to approx. 10 grams of non-ignited rock powder, which was then well 

mixed with a glass rod for 10 minutes. The mixture was then filled into a press tool with a diameter 

of 40 mm and compacted with a hydraulic press applying a pressure of 16 tons per cm². The 

pressed pellets were then analyzed in the X-Ray spectrometer (Nagl & Mader 2019).  

Scandium, Tantal and Wolfram contained values below the detection limit, and thus were 

excluded for further tracer exploration. Potential non-conservative tracers, such as P2O5, Cu, Pb, 

and Zn, were eliminated following the literature (Koiter et al. 2013b, Miller et al. 2014, Lizaga et 

al. 2018).  

 

Table 1: Analyzed property groups with their measured properties and the amount of properties per group 

Property Group Measured Properties n 

Major Elements SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5     10 
 
Trace Elements  

As, Ba, Ce, Co, Cr, Cu, Ga, La, Mo, Nb, Nd, Ni, Pb, Rb, Sc, Sn, Sr, Ta, Th, U, 
V, Y, Zn, Zr 24 
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Furthermore, a range test was applied for the remaining properties to ensure that sink values 

were within the range of the source values and that therefore the properties behaved 

conservatively (Collins & Walling 2002, Palazón & Navas 2017, Lizaga et al. 2018, Gaspar et al. 

2019). However, no further properties were eliminated through this test. 

 
 

Optimum Packages 

Three different types of optimum package selection were used in this study (Table 2). The first 

optimum package (OP1) is compiled of fingerprints that were solely selected through statistical 

tests (KW-test and DFA). This optimum package can be considered as the most commonly used 

tracer set in various sediment fingerprinting studies (Collins et al. 1998, Collins & Walling 2002, 

Walling 2005, Evrard et al. 2011, Smith & Blake 2014, Palazón et al. 2015, Gholami et al. 2017, 

Palazón & Navas 2017, Boudreault et al. 2019). OP2 was generated using a mixture of statistical 

tests and expert knowledge (KW-test and evaluation of boxplots). The selection procedure of OP2 

has recently gained attention in fingerprinting studies due to the involvement of expert knowledge 

(Lizaga et al. 2019).  Since OP3 is intended as a control package to assess whether any pre-tests 

are necessary, no further in- or exclusion of properties was conducted. A rule of thumb in 

sediment fingerprinting studies is to use at least m = n – 1 fingerprints, where m equals the amount 

of fingerprints and n is defined by the amount of source types (Alewell et al. 2016).  

 

For OP1 & 2 a Kruskal-Wallis H-Test (p-value = 0.05) was conducted in order to exclude tracers 

that do not significantly differentiate between at least two of the sediment sources at a 95% 

confidence level (Walling 2005, Pulley et al. 2015, Lizaga et al. 2018). The last step of tracer 

selection for OP1 was a discriminant function analysis (DFA) in combination with a multivariate 

stepwise selection algorithm, based on the minimization of Wilks’ lambda (niveau = 0.01). This 

determines a combination of properties that has the smallest number of tracers but the highest 

discrimination potential between the sources (Collins & Walling 2002, Gaspar et al. 2019a).  

 

 

 

Table 2: Applied selection method and resulting fingerprints per optimum package 

Optimum Package Selection method   Selected fingerprints 

1 (1) Range Test, (2) KW, (3) DFA  SiO2, CaO, As, Ga, Rb 

2 (1) Range Test, (2) KW, (3) Boxplot selection Al2O3, CaO, Sr 
3 
  

(1) Range Test 
  

    

SiO2, TiO2, Al2O3, MnO, MgO, 
CaO, Na2O, K2O, As, Ba, Ce, Co, 
Cr, Ga, La, Mo, Nb, Nd, Ni, Rb, 
Sn, Sr, Th, U, V, Y, Zr 
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Unmixing Model 

The selection of optimum properties and the unmixing were undertaken using the R package 

fingerPro by Lizaga et al. (2018). The unmixing model of fingerPro relies on two premises 

regarding the fingerprints used: (i) selected fingerprint concentrations in sediment samples have 

to be in the range of the concentrations in source samples (have to be conservative), and (ii) the 

proportions of fingerprints in sediment samples reflect the relative contributions of sediment out 

of source samples (Gaspar et al. 2019a, Gaspar et al. 2019b). The standard linear multivariate 

unmixing model with Monte Carlo uncertainty analysis within fingerPro estimates the relative 

contributions of each sediment source per optimum package (Lizaga et al. 2018) according to the 

following equation (Eq1): 

 

𝑏𝑖  = ∑ 𝑎𝑖,𝑗 × 𝜔𝑗 𝑚
𝑗=1      (Eq1) 

 

which meets the following constraints: 

 

1 =  ∑ 𝜔𝑗 

𝑚

𝑗=1

 

0 ≤  𝜔𝑗  ≤ 1 

 

where 𝑏𝑖 is the tracer property i (i = 1 to n) of the sink sample, 𝑎𝑖,𝑗 represents the tracer property 

i in the source type j (j = 1 to m), 𝜔𝑗 is the unknown relative contribution of the source type j, m 

represents the number of sediment sources and n is the number of selected tracer properties 

(Palazón et al. 2015, Gaspar et al. 2019a, Gaspar et al. 2019b).  

 

The package also calculates the goodness of fit (GOF), which can be used to assess the quality 

of each iteration based on the sum of the squares of the relative error (Motha et al. 2003, Eq2). 

With an increasing GOF (0 – 100%) the unmixing model should perform better and therefore 

estimate more accurate results. Yet, studies have shown that a high GOF does not always 

produce true results (Manjoro et al. 2017, Gaspar et al. 2019b); Pulley et al. (2015) further argue 

that different models with a high GOF result in a wide range of source contributions. As a result 

Gaspar et al. (2019b) and Manjoro et al. (2017) discourage the sole use of the GOF as a validation 

tool in sediment fingerprinting studies.  

 

𝐺𝑂𝐹 = 1 −  
1

𝑛
 × (∑

|𝑏𝑖− ∑ 𝜔𝑗𝑎𝑖,𝑗
𝑚
𝑗=1 |

∆𝑖

𝑛
𝑖=1 )        (Eq2) 
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Where n is the number of tracers used in the optimum package, ∆𝑖 is a correction factor to 

normalize the tracer properties ranges, and 𝑏𝑖, 𝜔𝑗 and 𝑎𝑖,𝑗 are the same as in Equation 1  (Gaspar 

et al., 2019b).  

 

The model was set to perform 2000 iterations following Kraushaar et al. (2015), reaching a 

homogenous distribution of possible source contributions as mean values and standard deviation, 

and the respective GOFs. Manjoro et al. (2017) show that an increasing number of iterations 

neither decreases the modeled ranges of contributions nor increases the GOF. 

 

Validation 

The optimum tracer compositions were validated using three different quality criteria: (i) 

evaluation of the Linear Discriminant Analysis (LDA), (ii) comparison of the modeled results with 

other fingerprinting and model studies from the area, and (iii) checking of the performance of the 

results with five artificial sink samples.  

 

The linear discriminant analysis was performed using the LDAPlot function implemented in the 

fingerPro package (Lizaga et al. 2018). Figure 2 shows the discriminatory power of each optimum 

package for the four sources. The fewer the intersections of the different colored source planes, 

the higher the potential of the OP to discriminate between the sources. 

 

A literature review identified six research studies that focused on soil erosion in the Ebro basin 

(85,362 km2), of which the Ceguera catchment (22 km²) is a part (Table 3, López-Vicente et al. 

2013, Brosinsky et al. 2014, Palazón et al. 2015, Palazón & Navas 2016, Palazón et al. 2016, 

Palazón & Navas 2017). Palazón et al. (2015) and Palazón & Navas (2017) used chemical 

sediment fingerprinting to estimate the relative contribution of each land use unit in the Ebro basin, 

while Brosinsky et al. (2014) implemented a spectral fingerprint. The studies investigated the 

relative contribution to more than just one sink, hence the sink closest to the mouthing point of 

each river was chosen. The other three studies examined the soil erosion through (semi-

)physically based models. López-Vicente et al. (2013) used the semi-physically based Revised 

Morgan, Morgan and Finney (RMMF) model, while Palazón et al. (2016) and Palazón & Navas 

(2016) used the continuous and physically based Soil and Water Assessment Tool (SWAT).  
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Three parameters are used to validate the performance of the optimum packages with artificial 

sink samples (Table 5). The first one is the number of sources wrongly estimated by the model 

(Table 5, Figure AS; red crosses). A source is classified as wrongly estimated if the artificially 

generated contribution does not lie within the modeled mean ± standard deviation. In this case 

the highest minimal deviation of the modeled and generated contributions is used as the second 

parameter. The minimal deviation is defined as the closest deviation of the modeled contribution 

range to the generated value (e.g. modeled value = 60% ± 20% [mean ± sd], generated value = 

20%: minimal deviation = 20%, maximum deviation = 60%).  

 

Additionally, the GOF was used to support the prior two parameters. There is no universal 

threshold to determine whether a GOF is considered to be high or low, thus the authors 

implemented the commonly used threshold of 80% following Martínez-Carreras et al. (2008), 

Evrard et al. (2011), and Pulley et al. (2015).  

Figure 2: 2D and 3D scatterplots of the linear discriminant analysis results with the area for each source. Both versions 
show the LD1 on the x-axis and the LD2 on the y-axis.The 3D version additionally provides the LD3 on the z-axis.  
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Results 

For all three optimum packages, the model computed consistently that the two main contributors 

to the total erosion in sink 1 are shrublands and badlands. While for OP1 and OP3 shrublands 

were the main contributor (76.39% ± 30.79% and 60.29% ± 19.29%, respectively), for OP2 it was 

badlands (57.47% ± 32.66%). Agricultural lands produced results varying between 0% and 

18.58% of the total contribution. The sources contributions in OP1 and OP2 are rather low with 

1.86% ± 6.29% and 0.82% ± 4.41%, respectively. OP3 computed the highest contribution range 

from agricultural land with a mean value of 7.52% and a standard deviation of 11.06%. Forests 

are considered to have a low impact on the total eroded material with mean values ranging from 

0.09% to 0.67%. All three optimum packages have a low GOF ranging from 59.83% to 72.89% 

(Table 4).  

 

In contrast to the modeled results of the Ceguera catchment, selected literature results from the 

Ebro basin showed that the two most productive land use areas are badlands and agricultural 

land (Fig. 4). Badlands stand out with mean contributions ranging between 25% (Palazón et al. 

2015) and 95.40% (Palazón & Navas 2016). Estimated mean contributions for agricultural land 

vary from 3.92% (Palazón & Navas 2016) to 43% (Palazón et al. 2015). Only Palazón et al. (2015) 

estimated forests as the second highest contributor, whereas the rest of the studies modeled 

rather low mean value contributions of forests to the overall eroded sediment, ranging between 

0.11% (Palazón & Navas 2016) and 5.4% (López-Vicente et al. 2013). According to the literature, 

shrublands also indicate low mean values ranging from 0.57% (Palazón and Navas 2016) to 6.9% 

(Palazón and Navas 2017).  

 

Figure 5 shows the calculated contributions per optimum package for each of the four sampled 

sinks across the Ceguera River. Especially sink 3 has fundamentally different source 

contributions than the other sink samples. It shows relatively high proportions of sedimentary input 

from forests and comparatively low proportions from bad- and shrublands. These contributions 

are lost after the merging with the southern branch of the Ceguera. Generally, OP1 and OP3 

correspond in the contribution patterns, whereas OP2 always shows a different distribution of 

sediment sources.  

 

Table 4: GOF and estimated source contributions for sink 1 per optimum package. Values are given in %. Contributions 
per source are stated as mean ± sd. 

  GOF A B F S 

OP1 66.46 1.86 ± 6.29 21.65 ± 29.5 0.09 ± 0.2 76.39 ± 30.79 

OP2 72.89 0.82 ± 4.41 57.47 ± 32.66 0.1 ± 0.25 41.6 ± 32.99 

OP3 59.83 7.52 ± 11.06 31.52 ± 16.74 0.67 ± 3.43 60.29 ± 19.29 
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The unmxing of the artificial sink samples (Figure 3) showed that standard deviations of each 

modeled source contribution ranged between 7.66% and 32.09% of its respective mean value 

and therefore defined a broad window corresponding to 85% of the cases in OP1 and OP3.  OP2 

produces the most wrongly (4) identified source contributions. However, three of the four 

mismodeled sources originate from one artificial sink sample (AS3). The lowest sum of minimal 

deviation was generated in OP1 (2.12), while OP2 and 3 have more than three times higher 

summed minimal deviations reaching 6.4 and 7.03, respectively. The GOF results range in 

average above 90% for OP1 and OP2, whereas OP3 shows GOF values below the threshold 

(70.87% - 81.9%).  

 

All GOFs for sink 1 are lower than 80% (Table 4), which indicates the modeled contributions are 

incorrect. However, Table 6 shows that a selection of model outputs with a GOF ≥ 80% would not 

have had a major impact on the estimated contributions and therefore would not have produced 

results that corresponded better with the literature. This supports the statements of (Pulley, 

Foster, & Antunes, 2015), (Manjoro, Rowntree, Kakembo, Foster, & Collins, 2017), and (Gaspar 

et al., 2019b), who state that using just one GOF for validation is not recommended. The fact that 

for OP3 none of the 2000 iterations had a GOF ≥ 80% indicates interference in the performance 

of the model through the inclusion of tracers that are not able to differentiate between sources.  

 

 

 

 

 

 

 

 

 
Table 6: Comparison of estimated mean contributions per land use unit for sink 1, if only models with a GOF ≥ 80% 
were used or no limitations on GOF inclusion were made. The number stated in brackets in the Condition column 
indicates the amount of models with a GOF ≥ 80%. Only mean values are stated for each source. All values are in % 

    GOF A B F S 

OP1 
GOF ≥ 80 82.76 (69) 0.70 10.51 0.11 88.68 

all GOF's 66.46 1.86 21.65 0.09 76.39 

OP2 
GOF ≥ 80 84.01 (433) 0.23 64.10 0.13 35.54 

all GOF's 72.9 0.82 57.47 0.10 41.60 

OP3 
GOF ≥ 80 NA (0) NA NA NA NA 

all GOF's 59.83 7.52 31.52 0.67 60.29 
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Figure 3: Modeled source contribution in percentage of each of the optimum packages 1, 2 and 3 (from left to right; 
see Artificial Sink 1 A) per artificial sink sample. The real proportion of each source is shown as a solid, orange line. 
Red crosses below the bars indicate wrongly estimated source contributions. 
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Discussion 

Various sediment fingerprinting studies use the statistical foreplay approach of OP1 through the 

application of a range test, KW-test and DFA to select the optimum fingerprint composition 

(Collins et al. 1998, Collins & Walling 2002, Walling 2005, Evrard et al. 2011, Smith & Blake 2014, 

Palazón et al. 2015, Gholami et al. 2017, Palazón & Navas 2017, Boudreault et al. 2019). Yet, 

recent studies by Koiter et al. (2013), Collins et al. (2017), and Lizaga et al. (2019) have criticized 

pure statistical fingerprint selection due to its high statistical reliability and lack of expert 

knowledge, leading to fingerprint compositions which are selected like OP2. In order to test 

whether any type of foreplay is necessary to achieve sediment fingerprinting, this study – following 

others (Smith et al. 2018) – evaluates the performance of optimum packages consisting of all 

measured properties (OP3).  

 

 

 
 

-40 0 40 80 120 160

A

B

F

S

OP1 OP2 OP3

Lopez-Vicente et al. 2013 Brosinsky et al. 2014 Palazon et al. 2015

Palazon et al. 2016 Palazon & Navas 2016 Palazon & Navas 2017

Figure 4: Source contributions [%] of each OP (in blue colors) and the results of literature. Dotted bars represent 
studies that were conducted using SWAT or RMMF, and non-dotted bars represent sediment fingerprinting studies. 
Green bars were used in the discussion to validate the results. Red bars were excluded of the validation. 
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This study explores the variation of results caused by different statistical foreplay procedures. The 

results show variations of between 0.82% and 7.52% for agricultural land, 21.65% - 57.47% for 

badland, 0.09% - 0.67% for forest, and 41.60% - 76.39% for shrubland. To evaluate a suitable 

pre-treatment of the data three validation criteria were implemented and their potential as 

validation tools tested: (i) analysis of LDA plots, (ii) comparison with the literature, (iii) accordance 

with artificial sink samples. 

 

Variation of results between optimum packages 

The results of the three optimum packages are displayed in Figure 5 and prove that statistical 

pre-selection methods have a great impact on the results of the models. OP1 and OP3 correspond 

in terms of contribution, depicting sink samples 1, 2 and 4 as having the highest sediment 

contributions from shrublands, followed by badlands. However, OP2 estimated the proportions of 

the two top erosive sources differently, with badlands being the main contributor. 

 

Firstly, these results match with the findings of Francke et al. (2008), Alatorre et al. (2010), and 

López-Tarazón et al. (2012), who show that badlands are one of the main contributors to the 

overall eroded sediment. Secondly, the results also correspond to the findings of Arnaez et al. 

(2010), who demonstrate that abandoned agricultural lands (shrublands) are commonly the main 

sediment contributors, due to the breaking of terraces. Nevertheless, based on field observations 

for sinks 1, 2, and especially 4 (where the major part of the subcatchment is in agricultural use), 

it was anticipated that the contributions of agricultural land would be higher. The cause of this 

discrepancy is still unclear but could be linked to misclassifications of agricultural land and 

shrublands, overshadowing by badlands or disruptions in the connectivity of agricultural land. 

Following the estimated contributions downstream from sink 4, the proportions of badlands 

decrease while those of shrublands increase, independently of the optimum package used. This 

reflects the observed relative land use distribution, with increasing shrubland and decreasing 

badland land coverage downstream. The root cause of the differences in the estimated 

contributions of sink 3 compared to the others has not yet been determined, but of course might 

be linked to the land use distribution. Nevertheless, this information is lost downstream as soon 

as the two major branches unite right before sink 2.  

 

Validation using LDA  

Out of the four sources badlands are less intersected by the variations of other sources, and thus 

they are best distinguishable with the selected fingerprint. However, they also show to have the 

highest scatter on the two, respective three axis (Fig. 2). Optimum package 3 shows no 

overlapping variations of the sources due to the high number of tracers used in this package. OP1 

and OP2 show to have low variations, since sources overlap as visible in figure 2d&e. Yet, the 
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higher adjusted R² of OP1 (0.5079) compared to the one of OP2 (0.1561) indicate higher 

variations through the tracers used in OP1. While the 2D LDA plot of OP2 (Fig. 2 b) implies big 

overlapping areas of all the sources, the 3D versions clarifies, that in fact there is only a small 

overlapping space of all four source types. This is especially the case for forests and agricultural 

lands, where Fig. 2e clarifies, that they in fact run parallel to each other and only have a small 

space of intersection. 

 

One of the flaws using a linear discriminant analysis to evaluate the performance of the optimum 

packages is, that the discrimination performance of the LDA will rise with the number of tracers 

used. Since, the three optimum packages used in this study all use a different amount of 

fingerprints (OP1: n = 5; OP2: n = 3; OP3: n = 27), it is obvious that OP3 will discriminate better 

than the others.   

Therefore, the authors suggest to only use linear discriminant analysis as a validation tool, if the 

optimum packages consist of the same amount of fingerprints.  

 

 

 
 

 

Figure 5: Source contributions per optimum package for each of the four sampled sinks of the catchment. 



33 
 

Validation using literature comparison 

In many studies (Vente et al. 2006, Palazón et al. 2015, Manjoro et al., 2017) a literature review 

serves as the baseline for a comparison and validation of the final results. However, even in a 

well-researched area like the Isábena catchment, comparing literature values is hampered by 

multiple difficulties. These are: 

(1) Selection of sources and samples: All consulted studies showed the same classification of 

land use units for the sampling sheme. Nevertheless, the modelled shrubland contributions 

of the present study are significantly higher and the agricultural land contributions 

significantly lower than those of the studies by López-Vicente et al. (2013), Palazón et al. 

(2015), Palazón et al. (2016), and Palazón & Navas (2017). This could be linked (i) either to 

the abandonment of former agricultural fields, which are now classified as shrubland, (ii) to 

a missclassifications by the fingerprint procedure, or (iii) simply due to the sampling timing 

and capturing a different system dynamic or cascading effect.  

(2) Scale dependency: Revised literature considered the whole Isábena catchment of which 

Ceguera is a part. Hence, crucial erosion parameters and features, such as slope gradient, 

cover percentage of land use classes, lateral and longitudinal connectivity, precipitation and 

erosion processes or discharges, are considered on a smaller scale which alters results. 

(3) Sampling timing: According to Collins et al. (2017) and Lizaga et al. (2019) timing is a crucial 

factor for the model performances. The studies considered either have long term (Brosinsky 

et al. 2014), short term (López-Vicente et al. 2013, Palazón et al. 2016, Palazón & Navas 

2016), or unknown (Palazón et al. 2015, Palazón & Navas 2017) sampling periods. In the 

present study samples were collected in the two weeks after a storm event in April 2018. 

This issue – as well as problem (2) – can also be considered as inescapable, since it is 

impossible to find two catchments that are identical and/or two sampling periods that have 

identical conditions regarding climatic parameters.  

(4) The three fingerprinting studies (Brosinsky et al. 2014, Palazón et al. 2015, Palazón & Navas 

2017) use different foreplay procedures to determine the optimal fingerprints, and two kinds 

of mixing models. While (Brosinsky et al. 2014) only deploy a KW-test and use a multivariate 

mixing model, the other two studies single out the optimal fingerprints by applying a KW-test 

and a DFA, and later use a linear mixing model to estimate the sources’ contributions. 

(5) Congruency between studies: For the Isábena catchment the selected studies show no 

congruent findings concerning erosion patterns and contribution percentages per source. 

Studies by López-Vicente et al. (2013), Palazón et al. (2016), Palazón & Navas (2016), and 

Palazón & Navas (2017) show a similar pattern of source contributions with badlands and 

agricultural land being the main contributors, while forests and shrublands only contribute a 

small portion. However, differences in the ranges of contributions between these studies still 

reach up to 26.39% for agricultural land, 34.6% for badlands, 5.31% for forests, and 6.33% 

for shrublands. The study by Palazón et al. (2015) displays a different pattern for the same 
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sources with agricultural land being the main contributor, followed by forests, badlands, and 

shrublands. Hence, in this study the validation is undertaken by concentrating on the four 

studies by López-Vicente et al. (2013), Palazón et al. (2016), Palazón & Navas (2016), and 

Palazón & Navas (2017), since the study by Palazón et al. (2015) shows a different 

contribution pattern and Brosinsky et al. (2014) lacks data for agricultural land and 

shrublands. 

(6) Contribution ranges: Lopez-Vicente (2013) published erosion contributions ranges for the 

Isábena catchment with standard deviations exceeding 100% of their modeled mean values, 

which allows for interpretation leeways that prohibit a true validation.  

 

Overall, the results of OP2 correspond best in terms of source patterns and contribution ranges 

to the literature of López-Vicente et al. (2013), Palazón et al. (2016), Palazón & Navas (2016), 

and Palazón & Navas (2017)(Fig. 4). Estimating the highest badland as well as the lowest 

shrubland contributions of the three tested OPs, the results of this optimum package are most 

comparable with the ones observed in the Isábena, Barasona and Estanque de Arriba 

catchments. 

 

Although literature comparison is a common tool for justifying model results (Vente et al. 2006, 

Palazón et al. 2015, Manjoro et al. 2017) the above-mentioned controversial points illustrate the 

difficulties of comparing study results. In this regard a greater focus was put on the artificial sink 

samples as an objective method to validate differing results. 

 

Validation with artificial sinks 

The variety of results per optimum package in each artificial sink proves that there is a need to 

include more than just one artificial sink as a validation tool. Artificial sink 1, for example, suggests 

that all optimum packages are equally good in predicting the sources’ contributions, while AS 3 

suggests a contrary conclusion.  

 

The mean values of GOFs per OP (OP1 = 91.19%, OP2 = 95.65%, OP3 = 75.84%) indicate a 

worse performance of OP3 compared to OP1 and OP2. Yet, as seen before, a low GOF might 

also produce similar results to a high GOF even though there may be interference in the model’s 

performance.  

 

The number of wrongly estimated sources per optimum package ranges from 3 (OP1 and OP3) 

to 4 (OP2) and therefore provides little evidence on the performances of each OP. The highest 

minimal deviation indicates the best performance of OP1 (0.49 - 1.37 p.p.) across all artificial 

sinks. The rather high deviations of OP3 point to interference in the performance. Even though 

AS3 of OP2 has three wrongly estimated sources, the highest minimal deviation is lower (1.93) 
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than that of AS4 (4.47), which only had one wrongly estimated source. The best performance was 

produced using optimal package 1, while determining whether OP2 or OP3 were more accurate 

is rather difficult.   

 

In conclusion, the literature validation points to OP2 as providing the most reliable results, while 

validation through artificial sinks indicates OP1 is the most reliable. OP1 generally involves a 

minimized workload and would therefore be a preferable outcome. Additionally, the authors 

believe that due to the aforementioned difficulties of literature validation the artificial sink samples 

should be given higher weighting. Another positive aspect of artificial sink samples is that they 

are generated manually and the setup is therefore more controllable than through literature 

reviews.  

 

Generally, the contributions and uncertainties generated through the application of OP2 (RT + 

KW + boxplot selection) and OP3 (no pre-tests) do not differ from the results of OP1 as much as 

expected. This raises the question of whether a foreplay in sediment fingerprinting is needed or 

whether similar results can be produced without the application of statistical tests or expert 

knowledge to select optimal fingerprints. This matches with the findings of (Smith et al. 2018), 

who could even generate more reliable results by using as many conservative tracers as possible 

than with the standard procedure applying a KW-test and a DFA.  

 

This study points out the difficulties of foreplay in sediment fingerprinting studies and their 

validation. Each validation tool proved that a different optimum package was the most reliable 

one. LDA showed the superior discrimination of OP3, the results of OP2 corresponded best with 

those in the literature, and artificial sink samples showed that OP1 produced the most reliable 

results. The authors of this study chose to weight the validation with artificial sink samples more 

highly than the other tools, and therefore concluded that OP1 produced the most accurate results. 

The authors therefore advise testing different optimum packages for each study individually and 

validating the OPs through artificial sinks.  

 

Additionally, these findings, paired with those of Smith et al. (2018), indicate that foreplay in 

sediment fingerprinting studies can be narrowed down to eliminating non-conservative tracers. 

This quick and dirty foreplay procedure produces results that are almost as good as or even better 

than the statistical/expert selection procedures.  
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Conclusions 

With the continuous increase in sediment fingerprinting studies aiming to estimate the relative 

source contributions of eroded sediment in a catchment, there is a need to determine the most 

reliable method of selecting the best suited fingerprints. This study goes some way to filling this 

gap by evaluating the performance of three optimum tracer packages. Our investigations show 

varying source contributions and accuracy levels depending on the optimum package. Supporting 

the findings of Palazón & Navas (2017) and, Gaspar et al. (2019a) the most consistent results 

were produced by using a range test, Kruskal Wallis test and a discriminant function analysis.  

 

This study also shows that the validation potential of GOF is inconsistent, since it is neither the 

case that a high GOF produces accurate source predictions nor the case that a low GOF produces 

wrong results. Additionally, it has to be questioned whether validation through LDA is advisable, 

as the discrimination potential increases with an increasing amount of tracers. Therefore, this 

method should at best only be applied if the number of tracers in different optimum packages is 

(close to) equal. Validating modeled results with those found in the literature has also proved 

difficult, due to changing catchment conditions and the high ranges of results. Assessing 

performance with artificial sink samples, on the other hand, has been shown to be promising. 

Artificial sink samples are generated manually under controlled circumstances and deliver an 

overview of the plausibility of the data. 

 

Continued research is needed, either to fill the gap by determining one universal workflow for 

fingerprint selection or to build a shortcut around the gap and perform no pre-tests at all. A 

universal workflow would increase the reliability of sediment fingerprinting studies, since the 

comparability of results would improve.   
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Summary of the results 

For sink 1 the unmixing model estimated the two main contributing sources to be shrublands and 

badlands, independent on the optimum package used. Yet, for OP1 and OP3 shrublands were 

the main contributing source (76.39% ± 30.79% and 60.29% ± 19.29%, respectively), while it was 

badlands for OP2 (57.47% ± 32.66%). The contributing proportions of both, agricultural land and 

forests, were estimated to be low with mean values ranging from 0.82% - 7.52% for agricultural 

land and 0.09% - 0.67% for forests.  

The review literature in this study consistently estimated badlands and agricultural land to be the 

main contributing sources. In five of the six studies (López-Vicente et al. 2013, Brosinsky et al. 

2014, Palazón et al. 2016, Palazón & Navas 2016, Palazón & Navas 2017) badlands were 

modelled to have the highest proportions (60.8% - 95.4%), while only in the study of Palazón et 

al. (2015) agricultural land is the main contributor (43%). According to the literature forests and 

shrublands have a low impact on the overall eroded sediment. Except for the study of Palazón et 

al. (2015) - in which the contribution of forests was estimated at 31% - both sources only 

contributed between 0.1% - 6.9%.  

The results of the artificial sink samples show that OP1 and OP3 both have 3 and OP2 has 4 out 

of 20 sources wrongly estimated. The lowest highest minimal deviations were reached in OP1, 

while OP2 and OP3 had overall higher highest minimal deviations.  
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Discussion 

Dependent on the optimum package used to estimate the sources’ contributions to sink 1, the 

results vary between 0.82% and 7.52% for agricultural land, 21.65% - 57.47% for badland, 0.09% 

- 0.67% for forest, and 41.60% - 76.39% for shrubland. Eventhough these results show that the 

predominant origins of the deposited sediment in sink 1 are badlands and shrublands, the range 

of contribution for both sources – 35.82 p.p. and 34.79 p.p., respectively - can be considered as 

high.  

Results of the LDA indicate, that OP3 is the optimum package consisting of the most 

distinguishable fingerprints – yet this is mainly the effect of the high number of fingerprints (n = 

27) in this OP. The overlapping areas of OP1 and OP2 in figure 2d&e, show low variations within 

these OP’s and therefore should produce less accurate results according to this method. 

Nevertheless, since the performance of the LDA enhances with an increasing number of 

fingerprints this derivation is not legitimate in this setting. Therefore, the authors advise to only 

apply this method, if the used optimum packages consist of the same number of fingerprints. 

Comparison with literature showed to have multiple pitfalls which need to be considered. The 

selection of sources and samples, scale dependency, and sampling timing are examples for 

potential pitfalls, which should be considered before or during the field campaign. If the comparing 

results were also produced with sediment fingerprinting, the choice of mixing model can also lead 

to differing results and obviously the procedure to select optimum fingerprints is crucial in this 

matter (Haddadchi et al. 2014, Collins et al. 2017, Palazón & Navas 2017, Gaspar et al. 2019). 

Literature comparison in this study showed, that OP2 produced the most corresponding results 

to the ones found in literature of López-Vicente et al. (2013), Palazón et al. (2016), Palazón & 

Navas (2016), and Palazón & Navas (2017). This is mainly the effect of the high badland and low 

shrubland contributions estimated by the model.    

Validation with artificial sink samples indicate that optimum package 1 is the most promising one 

to produce the most accurate results. While the number of wrongly estimated sources for OP1 (3) 

is the same for OP3 and close to the one for OP2 (4), the highest minimal deviations of this 

optimum package (0.49, 1.37, and 0.26) are lower than the ones of OP2 (1.93, and 4.47) and 

OP3 (2.45, 2.12, and 2.46).  
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Conclusions 

Sediment fingerprinting is a useful (management) tool in order to estimate the catchment’s source 

contributions to a sink. Yet, to enhance the performance, the reproducibility, and the comparability 

of the method it is important to determine the most reliable fingerprint selection method. This 

study aimed to continue the research of earlier studies (e.g. Palazón & Navas 2017, Smith et al. 

2018, Gaspar et al. 2019a), in order to fill this knowledge gap.   

To validate each optimum package, three different methods were applied and again tested on 

their suitability as a validation method. Linear discriminant analysis was found only to be a suitable 

validation method, if the comparing optimum packages consist of the same number of fingerprints. 

Literature review showed to be suitable but there are pitfalls, which have to be considered if being 

applied. Artificial sink samples showed the best potential as a validation method, since they are 

generated under controlled circumstances and deliver an overview on the plausibility of the data. 

Yet, in this study each validation method assessed a different optimum package as the most 

promising one.  

Because artificial sink samples were found to be the most reliable validation method and OP1 

was found to produce the most suiting results with artificial sink samples, this study supports the 

findings of Palazón & Navas (2017) and Gaspar et al. (2019)  and suggests the selection method 

of OP1 – range test, Kruskal Wallis test and discriminant analysis – to be applied in further 

sediment fingerprinting studies.   

Nevertheless, the authors would also like to point out, that the differences between the applied 

optimum packages are not that high in order to produce completely different results. All three 

optimum packages estimated that badlands and shrublands are the major contributors and that 

the impact of agricultural land and forests can be neglected for three of the four tested sinks in 

the Ceguera catchment. This is especially the case for OP3 – where except for a range test no 

further tests were applied – and therefore produced promising results with the least effort, 

supporting the results of Smith et al. (2018).  
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