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ARTICLE INFO ABSTRACT
Handling editor: Cathelijne Stoof After a wildfire, total or partial removal of vegetal biomass and changes in physicochemical soil properties lead
Keywords: to an increase in overland flow and sediment yield. Eventual damage must be counteracted urgently by iden-
Sediment fingerprinting tifying erosion hotspots and by implementing post-fire management programmes and sampling campaigns. In
Colour this context, the sediment source fingerprinting technique is widely used to determine the origin of suspended
Fallout radionuclides sediments in catchments and to evaluate the effectiveness of sediment management programmes. It traditionally
Wildfire relies on the use of physical, biochemical and geochemical properties as tracers. However, measuring these
Ash

tracers in the laboratory is often expensive and time-consuming. Colour tracers have been shown to greatly
reduce time and cost, especially if a normal office scanner is used for measurements. Here we explored whether
colour parameters can be used to investigate suspended sediment origin in burned catchments. To this end,
sediment and ash were mixed artificially to verify colour linear additivity and ash influence on colour para-
meters. Colour parameters were then used for source ascription of suspended sediment samples (n = 9) collected
during two years after a fire in a small Mediterranean catchment (Mallorca, Spain). In addition, reflectance-
derived colour parameters were compared with those obtained using a normal office scanner. The close cor-
relation between most chromatic indexes (obtained using both methods; p < 0.01) suggested that scanning is a
good alternative for measuring soil and sediment colour. A Bayesian tracer mixing model (MixSIAR) determined
the relative contribution of each source. The type of mixing model enables appropriate representation of natural
and sampling uncertainty in tracer data. During the first events, suspended sediment originated mainly in burned
surfaces, whereas the contribution of these decreased throughout the study period. Tracing results obtained
using colour parameters were compared with calculations using '*’Cs and 2!°Pb,,, as recognized tracers to
discriminate between surface and subsurface sediment sources after wildfires. Estimated source ascriptions with
both methods (i.e. reflectance-derived colour parameters and radionuclides) coincided in predicting the domi-
nant source in 7 of the 9 samples measured. Colour tracers proved useful in discriminating between burned and
unburned sources, making them suitable for suspended sediment source ascription and monitoring as part of
post-fire management strategies.

Suspended sediment sources

1. Introduction cover (Candela et al., 2005) and the alteration of physicochemical soil
characteristics (Ubeda and Outeiro, 2009) normally increase overland

Wildfires greatly change the hydrological response and sediment flow and sediment yield from hillslopes and reduce the rainfall-runoff
dynamics of river systems (Moody et al., 2013; Shakesby, 2011; response time, especially during the first post-fire year (Candela et al.,
Shakesby and Doer, 2006). The reduction or elimination of vegetation 2005; Scott et al., 1998). Other variables that affect the increase in
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erosion and sediment yield after a fire are the fire’s severity (Keeley,
2009), post-fire rainfall patterns (Warrick et al., 2012), lithology and
the presence of agricultural terraces (Garcia-Comendador et al., 2017a),
and post-fire management (Spanos et al., 2005). In addition, the in-
crease in slope-to-channel sediment connectivity may generate down-
stream impacts related to fine sediment transport and its associated
pollutants (Collins et al., 2017), such as dam siltation (Navas et al.,
2004), decreased water quality (Horowitz et al., 2007; Smith et al.,
2011a) and the contamination of aquatic ecosystems (Newcombe and
Macdonald, 1991; Verkaik et al., 2013).

Fire transforms biomass, necromass and soil organic matter into ash,
consisting of mineral materials and charred organic components (Bodi
et al.,, 2014). A non-homogenous ash layer covers the soil surface im-
mediately after a wildfire creating a two-layer system (Nyman et al.,
2014), influencing soil wettability (Balfour and Woods, 2013; Bodi
et al., 2014; Cerda and Doerr, 2008) and altering its hydrological be-
haviour (Brook et al., 2018). Nevertheless, ash does not remain on the
soil surface for very long, but is redistributed or removed in days or
weeks after a fire (Cerda and Doerr, 2008; Pereira et al., 2015), is
transported in the river in combination with fine sediment (Reneau
et al., 2007) and/or migrates downward into the soil (Pereira et al.,
2015). However, little is known about how ash reaches the stream
network after a fire and its progressive wash-out as suspended sedi-
ment, as this process is highly dependent on ash properties, terrain
features and meteorological conditions (Bodi et al., 2014). Accurate
identification of the suspended sediment sources contributing to sedi-
ment load after a wildfire and of routine monitoring programmes are
needed to correctly design and evaluate post-fire management strate-
gies, which are crucial in fire-prone, human-modified environments.

In river catchments, fingerprinting and unmixing techniques are
often used to calculate the different pre-defined sources in a down-
stream suspended sediment mixture (Davis and Fox, 2009; Walling
et al., 1993). Traditionally, physical, biochemical and geochemical se-
diment properties are used as tracers (Walling, 2013). Sediment fin-
gerprinting assumes that tracer properties are measurable, conservative
and representative, which needs to be carefully scrutinized (Collins
et al., 2017; Smith and Blake, 2014). In addition, the tracers must be-
have in a linearly additive way during the mixing process (Lees, 1997).
Previous studies have shown that the use of some of these tracers is not
appropriate in burned catchments. For example, susceptibility to the
variation of soil geochemical properties after a fire hinders the dis-
tinction between burned and unburned areas (Smith et al., 2013). On
the contrary, the fallout radionuclides (FRNs), caesium-137 (**’Cs) and
excess lead-210 (?'°Pb,,), normally increase their activity in soils after
a wildfire due to soil mass reduction by organic matter combustion and
to radionuclide transfer and redistribution from burned vegetation to
the soil (Wilkinson et al., 2009), which discriminates between burned
and unburned areas (Estrany et al., 2016; Garcia-Comendador et al.,
2017b). In addition, their exposure to atmospheric precipitation dis-
criminates between surface and subsurface sources (Owens et al., 2012;
Wilkinson et al., 2009), which has led to their extensive use in burned
catchments. However, catchment vulnerability to erosion processes
during the first post-fire year highlights the need to define and apply
cost-effective and fast post-fire management strategies, whereas FRN
counting times in samples with relatively low activity are rather long.

Soil and sediment colour can also be used for tracing, the main
advantage being that this can be measured by fast, cheap and non-de-
structive methods. Colour coefficients use as tracers for source ascrip-
tion has increased in the last decade (Evrard et al., 2019; Martinez-
Carreras et al., 2010b; Pulley et al., 2018; Tiecher et al., 2015), as the
results obtained were found to be comparable to those obtained with
classical tracers (i.e. radionuclides, geochemistry and organic com-
pounds) in small catchments (Martinez-Carreras et al., 2010a,c). Pulley
et al. (2018) found high consistency between estimates based on mi-
neral magnetic tracers and ones based on colour coefficients in clar-
ifying the sediment sources of historically deposited sediments.
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However, special attention should be paid to how changes in organic
matter content, particle size distribution and moisture alter colour
properties (Pulley and Rowntree, 2016). These parameters may affect
the probabilistic distributions calculated by mixing models, which may
in turn lead to wrong conclusions. Nonetheless, the elimination of or-
ganic matter or the use of particle size correction factors may not be
suitable in all cases and may even reduce the discriminative potential of
colour tracers (Pulley et al., 2018; Pulley and Rowntree, 2016).

Previous studies used ash colour (Ubeda et al., 2009) and changes in
soil colour (D’Haen et al., 2013; Ketterings and Bigham, 2000; Pérez-
Bejarano and Guerrero, 2018) to determine the temperature reached
during a fire. Normally, black ashes appear at low temperatures (ca.
250 °C) because of the residual carbon content derived from the in-
complete combustion of the organic matter; and grey ashes, at tem-
peratures above ca. 450 °C due to the mineral residue after complete
combustion (Lentile et al., 2006; Smith et al., 2005; Ubeda et al., 2009).
The presence of black ash after fire tends to decrease visible and near-
infrared reflectance. In contrast, the silica mineral present in grey ash
tends to increase it greatly (Lentile et al., 2006). Furthermore, soil tends
to become redder when temperature reaches a range between 200 and
500 °C. This is due to the transformation of iron oxides hydrated first
into maghemite and then hematite (Terefe et al., 2008). These features
help to distinguish sediment origin when using colour tracers after a
fire.

This paper puts forward the proposition that suspended sediment
colour shows the relative contributions of burned and unburned sur-
faces in river catchments. Artificial mixtures of sediment and ash were
created to verify linear additivity and ash influence on colour para-
meters. Suspended sediment tracing results obtained by colour para-
meters calculated from reflectance diffuse spectrometry were com-
pared, in order to investigate the sediment’s consistency, with those
obtained (i) using an ordinary office scanner and (ii) fallout radio-
nuclides.

2. Study area

The Sa Font de la Vila River is a Mediterranean catchment of
4.8 km? located in the Andratx municipality (western Mallorca, Spain;
Fig. 1A and 1B), which is affected by extensive afforestation of former
agricultural land and recurrent wildfires. The lithology of the catch-
ment’s bottom valleys consists mainly of Upper Triassic (Keuper) clays
and loams on gentle slopes (ca. < 10°). Rhaetian dolomite and Lias
limestone predominate in the upper parts of the catchment with steeper
slopes > 30% (Fig. 1c). Soils are classified as BK45-2bc, corresponding
to Calcic Cambisols (Jahn et al., 2006). The fluvial network consists of
two main streams: (a) Sa Coma Freda (east, 2.3 km?), which has a
significant groundwater influence with several karstic springs; and (b)
Can Cabrit (west, 2.08 km?), not affected by this groundwater influence
due to the reduced presence of impervious materials. In addition, a
check-dam was built at Can Cabrit in 2007 (5 m high and 16 m long;
Fig. 1D).

The climate is Mediterranean temperate sub-humid at headwaters
and warm sub-humid at the outlet (Emberger climatic classification;
Guijarro, 1986). The average temperature is 16.5 °C. The mean annual
rainfall is 518 mm yr ™, with an inter-annual coefficient of variation of
29%. High-intensity rainstorms with a recurrence period of 10 years
may reach 85 mm in 24 h (1974-2010; data from the B118 S'Alqueria
meteorological station of the Spanish State Meteorological Agency
(AEMET); Fig. 1B).

In the last twenty years, the Sa Font de la Vila catchment has been
affected by major wildfires in 1994 and 2013 (Fig. 1E). Before the 2013
wildfire, the catchment was mainly covered by natural vegetation
(84%; Fig. 1C): 51% forest and 33% scrubland. The rest of the catch-
ment was covered by rain-fed tree crops (12%), rain-fed herbaceous
crops (1%) and urban uses (3%). Traditional soil and water conserva-
tion structures (i.e., hillslope and valley-bottom terraces) cover 37% of
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the total surface area (Fig. 1D). Their abandonment and degradation,
involving the collapse of dry-stone walls, increased the sensitivity of the
catchment (Calsamiglia et al., 2017). Collapses were higher on those
abandoned terraces affected by recurrent fires due to soil degradation
(Lucas-Borja et al., 2018).

The 1994 fire affected 45% of the catchment surface, whereas the
2013 one reached 71% (more than half of it had already been burned in
1994). A severity assessment with the Normalized Burn Ratio (Escuin
et al., 2008) and Landsat 8 images for the 2013 wildfire assigned high
and moderate severity to 24% and 47% of the catchment, respectively
(Bauza, 2014. Fig. 1E). In addition, after the 2013 wildfire the Balearic
Islands Department of the Environment (Conselleria de Medi Ambient,
Agricultura i Pesca) implemented a series of post-fire strategies to
prevent soil loss and degradation, which included mulching, tree
planting and the creation of log barriers with dead biomass.

3. Materials and methods
3.1. Water and sediment monitoring programme

Two nested gauging stations were installed in Sa Font de la Vila
catchment to record continuous water and suspended sediment fluxes,
one at the Sa Murtera sub-catchment (1.1 km?; upstream site) and one at
the outlet of the catchment (4.8 km?; downstream site; Fig. 1). As the
upstream site gauging station was not set up till September 2014, hy-
drological data are not available for the first post-fire year. Both sta-
tions were equipped with Campbell Scientific CS451-L pressure probes
and OBS-3 + turbidimeters with a double measurement range of
0-1,000 and 1,000-4,000 NTU. Campbell CR200 loggers recorded 15-
min average values of water stage and turbidity (based on 1-minute
readings). In addition, a Casella tipping bucket rain gauge was installed
at the upstream site.

3.2. Soil, ash and sediment sampling

After careful examination of the site, samples of potential sediment
sources were collected immediately after the last wildfire (September
2013; Fig. 1) on soil hillslopes with an apparently active sediment
slope-to-channel connectivity (0-2 cm depth; n = 40) and potential
erodible channel banks (n = 20). To encompass the spatial variability
of the soil properties, each surface soil sample consisted of three in-
tegrated subsamples collected inside a ca. 10 m-radius circular area;
and each channel bank sample, of three subsamples collected along a
10 m transect. The fire impact was taken into account when designing
the surface sample collection strategy. Thirty-one surface samples were
collected from burned areas (burned surface samples) and 9 from un-
burned areas (unburned surface samples; Fig. 1E). For the upstream site
only 4 channel bank samples and 15 burned surface samples were
collected. The unburned surface category was not included as a po-
tential suspended sediment source in the upstream site because of its
small area (i.e. 19% of total catchment area) and its very limited hy-
drological connectivity with the stream network. This latter factor is
due to the presence of well-maintained agricultural terraces (cf.
Calsamiglia et al., 2017) and a road that isolates most of the unburned
area (Fig. 1E), acting as an artificial longitudinal buffer against the fire
and directing most runoff outside the catchment.

The catchment’s hydrological dynamics between the wildfire and
the sampling campaign resulted in the accumulation of 107 mm of low-
intensity precipitation, which did not generate surface runoff at the
catchment outlet (precipitation data from B118 S’Alqueria AEMET
station, Fig. 1B). Visual evidence during the sampling campaign sug-
gested incorporation of part of the ash deposits in the soil profile
through infiltration (see ash cover in photos taken during the sampling
campaign; Supplementary Fig. 1). For a few samples, the remaining ash
cover was carefully removed to collect representative samples of the
soil surface and minimise alteration of intrinsic soil properties.
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Suspended sediment samples (n = 9) were collected during the
hydrological years between 2013 and 2015 at both sampling sites (i.e.
upstream site and downstream site), using time-integrated samplers
(Phillips et al., 2000; two samplers per site). Ash was not collected at
the study site. However, ash samples were collected from a fire-affected
area in August 2018 in the municipality of Llucmajor (southwest Mal-
lorca; Fig. 1B). This burned site had similar soil types, climate and
vegetation patterns. Representative ashes with a wide spectrum of
colours (white, grey and black) were collected, avoiding the inclusion
of the underlying soil layer (Bodi et al., 2014). In a simplified proce-
dure, the samples were combined in two groups representing the
overall gradient of ash colours, namely the black ashes (n = 10), i.e. the
darker samples, and the grey ashes (n = 9), the lighter samples. Al-
though the ash sampling area and the study area encompass similar
characteristics, collecting ash samples in the study area just after the
2013 wildfire have been preferable. Thereby, even incorporating ashes
with a large range of colours in the analysis, eventual difference be-
tween ashes from both sites remain unknown

3.3. Laboratory treatment and analysis

The source and target sediment samples were oven-dried at 40 °C,
disaggregated using a pestle and a mortar and sieved to < 63 um to
minimize the differences in particle size composition between source/
target samples (Walling et al., 1993). The particle size distribution
(PSD) and the specific surface area (SSA) of all source samples and 3
suspended sediment samples were determined after sieving by using a
Malvern Mastersizer 2000 at the Institute of Environmental Assessment
and Water Research (IDAEA-CSIC, Spain). The Shapiro-Wilk
(p < 0.05) normality test and the Mann-Whitney U test checked the
similarity in the PSD of each source group and target sample. *”Cs and
210pp, activity concentrations (Bqkg™!) were measured by gamma
spectrometry at the Environmental Radioactivity Laboratory of the Uni-
versity of the Balearic Islands (Mallorca, Spain), using a high-purity
coaxial intrinsic germanium (HPGe) detector. Total C and N were
measured by high-temperature combustion using a TruSpec CHNS,
LECO at the Luxembourg Institute of Science and Technology (LIST,
Luxembourg).

Diffuse reflectance was measured in a dark room by a spectro-
radiometer (ASD FieldSpect-II) at 1 um steps over the 400-2500 pm
range. The spectrometer was located in a tripod perpendicular to a flat
surface, at 10 cm from the reference standard panel of known re-
flectivity (Spectralon). The soil and sediment samples were placed in
transparent P.V.C. round petri dishes (4.7 cm diameter; Pall
Corporation) and carefully smoothed with a spatula to minimize micro
shadow effects due to surface roughness. The samples and the
Spectralon were illuminated at an angle of 30° by a 50-w quartz ha-
logen lamp placed at ca. 30 cm of distance. Following the International
Commission on Ilumination (CIE, 1931), CIE xyY colour coefficients
were computed (i.e. cie X, cie y and cie yy) from the spectra reflectance
measurements and the RGB colour values (i.e. red, green and blue).
Then, the ColoSol software, developed by Viscarra Rossel et al. (2006),
was used to estimate the Munsell HVC (i.e. Munsell H, Munsell V and
Munsell C), CIE XYZ (i.e. cie X, cie Y and cie Z), CIE LAB (cie L, cie a*
and cie b*), CIELUB (i.e. cie L, cie u* and cie v*), CIELHC (i.e. cie L, cie
H and cie C) and decorrelated RGB (i.e. HRGB, IRGB and SRGB) colour
parameters, as well as the redness index (i.e. RI) and Helmoltz chro-
maticity coordinates (i.e. DW nm, Pe %).

All the samples were placed in transparent plastic bags (7 * 5 cm)
and scanned with an office scanner (Konika Minolta bizhub C554e; e.g.
Krein et al., 2003; Pulley and Rowntree, 2016). The instrument was not
calibrated. Red, green and blue colour parameters (i.e. RGB model)
were extracted from the scanned images by the GIMP 2 open-source
image-editing software. Then, the procedure described in the previous
paragraph was applied to convert the red, green and blue colour
parameters into the other colour parameters. This allowed us to
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determine whether colour parameters calculated from diffuse re-
flectance (hereafter referred to as spectrometer-based colour para-
meters) and with an ordinary office scanner (hereafter referred to as
scanner-based colour parameters) were consistent.

Ash exhaustion and soil recovery over time could alter source colour
values, resulting in larger source ascription uncertainties in the medium
to long term after the fire. However, sources were only sampled once
(1 month after the fire). To partially mitigate this limitation, we made
use of 24 soil samples collected in 2016 (29 months after the fire) from
a headwater field on the study site (Fig. 1E). Samples were collected
following the same methodology as in 2013 and scanned to measure
their colour parameters. The samples were originally collected to ana-
lyse soil quality parameters after a wildfire (Calsamiglia et al., 2017;
Lucas-Borja et al., 2018).

3.4. Artificial laboratory mixtures

Thirty artificial mixtures of 2, 3 and 4 different source samples, ash
and suspended sediment were created (Table 1 and Supplementary
Table 1). Mixtures of different sample types and a reduced number of
mixtures with two or three samples of the same source were created. In
the latter case, as all samples were considered as different sources, they
permitted the uncertainty assessment when source tracer signatures
were less distant. In addition, and to investigate ash influence on the
colour parameters, 18 artificial samples mixing suspended sediment
(collected at the upstream site in 2015) and ash (black and grey) in
different proportions were created (Table 1 and Supplementary
Table 2). The ash proportion was gradually modified from 10% to 90%
to observe the influence of ash on sediment colour variation. Colour
parameters of all the artificial mixtures were measured with the spec-
trometer and the scanner following the methodology described in
Section 3.3.

3.5. Accuracy of colour tracers

The individual accuracy and linear additivity behaviour of colour
tracers were assessed by comparing measured values (i.e. spectrometer-
and colour-based ones) and predicted values by means of a mass bal-
ance approach (i.e. tracer values in the mixture are equal to the sum of
contributions from each artificially mixed sample). To compare colour
tracers with different scales, the normalized root mean square error
(nRMSE) was calculated by dividing the RMSE by the mean of the
measured data. The nRMSE was expressed as a percentage. The tracers
with a nRMSE > 15% were discarded.

A Kruskal-Wallis H test was performed to find how well the colour
tracers discriminated between source groups. Then, a Discriminant
Function Analysis (DFA) checked the discriminatory potential of each
tracer group (taking selected tracers as independent variables) and
calculated the percentage of correctly classified samples (leave-on-out
cross-validation).

3.6. Suspended sediment fingerprinting and unmixing of artificial mixtures

A range test was used to exclude potentially non-conservative tra-
cers in each individual suspended sediment sample. Therefore, the
tracers in suspended sediment and artificial mixtures that showed va-
lues outside minimum and maximum source range values were dis-
carded.

The MixSIAR Bayesian tracer mixing model framework (Stock et al.,
2018), implemented by Stock and Semmens (2016) as an open-source R
package, was used to estimate the relative contribution of each source
to the suspended sediment samples and the artificial mixtures. Previous
studies using Bayesian mixing models to unmix sediment sources in-
clude Abban et al., 2016; Blake et al., 2018; Massoudieh et al., 2013;
and Nosrati et al., 2014.

The fundamental mixing equation of a mixing model is:
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bi = zj=i Widij )

where b; is the tracer property i (i = 1 to n) measured in a suspended
sediment sample, a;; is the value of the tracer property i in each source
sample j (j = 1 to m), w; is the unknown relative contribution of each
source j to the suspended sediment sample. MixSIAR accounts for
variability in the source and mixture tracer data with the ability to
incorporate covariance data to explain variability in the mixture pro-
portions via fixed and random effects (Stock and Semmens, 2016; Stock
et al., 2018). This is especially useful in this study because of the col-
linearity between colour parameters of the different chromaticity co-
ordinates. Hence, a discriminant function was not used to select an
optimum group of tracers, as weak tracers can only improve model
representation. In this study, MixSIAR was formulated by using sedi-
ment type as a factor and an uninformative prior (Blake et al., 2018).
The Markov Chain Monte Carlo parameters were set as very long: chain
length = 1,000,000, burn = 700,000, thin = 300, chains = 3. Con-
vergence of the models was evaluated by the Gelman-Rubin diagnosis.
MixSIAR was used to unmix the artificial mixtures (see Section 3.4)
and ultimately to evaluate and compare the performance of the two
different colour tracer groups and FRNSs. A constant residual error of 5%
in the mixed samples was taken as creating the artificial mixtures to
account for potential variability (e.g. measurement error). It should be
noted that tracers that showed no individual discriminatory accuracy
were excluded from the model (see Section 3.5). Accuracy in predicting
the source contribution of each tracer group was evaluated by com-
puting absolute errors (i.e. absolute value of the difference between the
real proportions in the mixture and the estimated contributions; AE).

4. Results
4.1. Artificial laboratory mixtures and ash influence

Colour parameters showed individual contrasting performance to
predict the colour of artificial mixtures (Fig. 2; Table 1). Chromatic
coordinates cie x and cie y showed a maximum nRMSE between esti-
mated and predicted values of 2% and 5% for the spectrometer-based
(Fig. 2A and C) and scanner-based (Fig. 2B and D) parameters, re-
spectively. Regardless of the measurement technique, cie x and cie y had
lower nRMSE than red, green and blue colour parameters. In contrast,
cie yy (brightness) had larger errors. The spectrometer-based cie yy
parameter showed a minimum of 21% nRMSE (Fig. 2A); and the cie yy
scanner-based one, a minimum of 15% (Fig. 2B). Thus, as Cie yy per-
formance was low, it was not considered a linearly additive tracer.
Fig. 2A and B also show that the divergence between estimated and
measured cie yy, red, green and blue (i.e. nRMSE values) decreased
when discarding one artificial mixture with black ash (n = 9; Fig. 2A
and B). For instance, the average spectrometer- and scanner-based cie
yy, red, green and blue nRMSEs decreased to 13%, 6%, 4% and 5%,
respectively. Linear additivity tests were performed for all other spec-
trometer- and scanner-based colour parameters to discard non-linearly
additive tracers. The remaining colour parameters were used to predict
suspended sediment sources (Table 2).

The average nRMSE between estimated and predicted values was
slightly higher for the 3-sample mixtures than for the 2-sample ones, for
both the spectrometer- (4.2% higher) and the scanner-based (1.1%
higher) colour parameters (Fig. 2). The 4-sample mixtures’ average
nRMSE was lower than the 2-sample mixtures’ average nRMSE for both
the spectrometer-based (1.3% lower) and the scanner-based (2.4%
lower) colour parameters.

Accuracy of spectrometer- and scanner-based colour parameters was
similar. Accordingly, colour parameters calculated using the two in-
dependent techniques correlated closely (n = 24; confidence limit 99%;
P < 0.01) (see Supplementary Fig. 2). Despite this, the relationship
between colour parameters calculated with the two techniques does not
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always follow the identity line.

Fig. 3 shows the estimated vs measured spectrometer-based colour
parameters of the artificial sediment-ash mixtures (cie x, cie y and cie yy;
Fig. 3A-C) and the nRMSE (cie x, cie y, cie yy, red, green and blue;
Fig. 3D). Colour parameters changed clearly when regular proportions
of ash were added to a suspended sediment sample (i.e., from 10 to
90%). For all colour parameters except green, the real measurements
are over-estimated when a mass-balance approach is used (data not
shown). Cie x and cie y parameters’ nRMSE values were relatively low
(i.e. < 3%) for both grey and black ash mixtures. However, cie yy
showed a larger nRMSE (i.e. 10% for grey ash mixtures and 74% for
black ash mixtures), confirming that it did not behave as a linearly
additive tracer. The nRMSE values were higher on the RGB chromatic
scale than on cie x and cie y. Mixtures with black ash showed larger
errors than grey ash mixtures. Grey ash mixtures’ nRMSEs for red, green
and blue were < 10% (Fig. 3D). On the contrary, nRMSEs for black ash
mixtures were > 10%. Errors were lower with a large contribution of
one of the samples to the mixture (i.e. less deviation from the identity
line in Fig. 3A-C), whereas errors increased if the proportion of both
samples mixed was similar. In addition, and for comparison, analysis of
the redness index evolution in black and grey artificial mixtures showed
close positive correlation with R? > 0.9 in both cases (Fig. 3F and G).

In addition, increases in total C and total N were observed when the
proportion of ash in the mixtures increased (Fig. 3H and I). On average,
total C content increased by 0.6% and 6.4% for each 10% increase in
grey and black ash content, respectively. Total N average increase was
0.01% and 0.04% for grey and black ash mixtures, respectively.

The MixSIAR Bayesian tracer mixing model framework was used to
calculate the contribution of each sample to the artificial laboratory
mixtures and to evaluate the overall unmixing performance of the
colour tracers (using parameters showing a nRMSE < 15% on passing
a range test for each mixture; unmixing results shown in Supplementary
Tables 3-5 for 2, 3 and 4 samples mixed, respectively). MixSIAR pre-
dictions were compared with the real proportions mixed. The average
absolute error when mixing 2, 3 and 4 samples ranged between 10.1
and 12.3% (Table 1). When unmixing 2 samples and one of the samples
contributed more than 60% to the mixture, MixSIAR was able to
identify the dominant sample in 4 of 6 cases. For 3-sample mixtures,
MixSIAR was able to identify the dominant source in the 2 artificial
samples when one of the samples contributed more than 60% to the
mixture. Finally, when unmixing 4-sample mixtures, MixSIAR correctly
identified the sample with a contribution > 40% to the mixture in 4 of
6 samples. In addition, some samples showed widespread distribution
in the solutions of the model (e.g. mix2-m7), though the distribution
did not include the real mixed sample proportion (e.g. mix2-m2).

4.2. Colour, particle size, organic matter content and FRN activity of
sources, ash and suspended sediment samples

Samples collected at the downstream site from distinct sources had
distinct colour values (Fig. 4; p < 0.05, K-Wallis test at 95% con-
fidence interval; Supplementary Table 6). The unburned surface sam-
ples showed the highest values of all measured colour parameters,
followed by the channel bank and the burned surface samples.



J. Garcia-Comendador, et al.

Table 1

Summary table of the type and number of artificial mixtures created in the laboratory. Average absolute error between real and estimated proportions using spectrometer-based colour parameter in MixSIAR. Real and

estimated proportions of samples mixed are listed in Supplementary Tables 3, 4 and 5.

Average absolute error (%) Type of samples mixed

Number of mixtures (n)

Number of samples mixed (n-sources)

Samples

Channel bank, surface unburned, surface burned, grey ash, black ash

12.3

10
10
10

2-samples mixtures

Channel bank, surface unburned, surface burned, grey ash, black ash
Channel bank, surface unburned, surface burned, grey ash, black ash

Ash and suspended sediment
Ash and suspended sediment

12.3

3-samples mixtures

10.1

4-samples mixtures

Black ash mixtures

Grey ash mixtures
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Suspended sediment colour measurements fall within the limits of the
sources, with no evidence of missed sources seen. The values of sus-
pended sediments were usually medium-low and similar to the values
measured in the burned surface and channel bank samples. Black ash
samples showed the lowest colour values. However, grey ash samples
showed very low values for cie x and cie y, but notably higher values for
cie yy.

At the downstream site, burned surface samples showed the highest
redness index values, followed by channel banks and unburned surfaces
(Fig. 5A). Accordingly, suspended sediment samples showed a higher
redness index during the first event, which decreased over time at both
sampling sites (Fig. 5B).

The discriminant function analysis showed that the selected spec-
trometer- and scanner-based parameters (Table 2) correctly classified
80% and 78.3% of the source samples, respectively, and that the se-
lected tracers were able to distinguish sediment sources (Fig. 6).

Particle size distribution between source groups and suspended se-
diment samples was not normal (Shapiro-Wilk, p < 0.05). When ap-
plying the Mann-Whitney U test, all source sample groups showed
statistical similarity with the suspended sediment samples (channel
bank: U = 2281, p = 0.894; burned surface: U = 2280, p = 0.890;
unburned surface: U = 2267, p = 0.846; Fig. 7).

Total C and N measured in source, suspended sediment and ash
samples are shown in Fig. 8. Total C and N measured in suspended
sediment and source samples showed significant inverse correlation
with spectrometer-based cie x (R = 0.71 for both total Cand N, n = 67,
p < 0.05; Fig. 8) and cie y colour parameters (R = 0.72 and 0.77, for
total C and N, respectively, n = 67, p < 0.05; data not shown).

Suspended sediment samples from the upstream and downstream sites
were collected for (i) two events occurring in the first post-fire hydro-
logical year and (ii) two events in the second post-fire hydrological year
(Fig. 9). Table 3 summarizes the hydrological and sediment transport
dynamics of the events. It is of note that during the 29/10/2013 event,
when precipitation intensity was ca. 5 times higher than the average of
the rest of events, discharge and suspended sediment concentration
peaks were an order of magnitude higher. At both sites, suspended
sediment collected during the first event had the lowest colour values
for cie x, cie y and cie yy, whereas values tended to increase in con-
secutive events (Table 3). However, it is the last event that shows the
highest values at the upstream site. At the downstream site, the highest
values were measured during the 15/12/2014 event, followed by the
last event.

Burned surface samples showed the highest average activity values
for %7Cs and 2'°Pb,, (Table 4). Channel bank and unburned surface
samples had very similar average FRN activities. These samples did not
pass the K-Wallis distribution test (p > 0.05) and were grouped into a
single source (i.e. referred to as unburned-channel).

Similar FRNs activities in unburned surface and channel bank
samples can be explained as a consequence of a patchy fire effect within
some streams. Flame turbulent processes can patchily influence the
combustion in channel banks of intermittent streams, particularly
considering those constrained by dry stone walls. However, some
samples collected in unburned areas also showed high **”Cs and 2'°Pb,,
activities (supplementary Fig. 3A). The low energy conditions at the
lower Sa Font de la Vila River (i.e. low gradient of the main channel)
together with the dry conditions promoted sediment deposition in the
mainstream. As most of the channel banks in this lowest reach were
completely constrained by dry-stone walls, the samples were collected
in the most bottom part of the channel banks. The sediment released
from burned areas just after the first effective event (29th October
2013) were deposited within the channel bed and also affecting the
bottom part of channel banks, thus promoting the increase of FRNs
concentrations (supplementary Fig. 3B).

Both FRNs passed the K-Wallis test when two sources instead of
three were considered: burned surface and unburned-channel.
Suspended sediment samples’ FRN values fell within the range of
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Table 2
Tracers with a linear additivity behaviour.
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Spectrometer-based parameters

Scanner-based parameters

Linear additivity test:
Colour parameters with nRMSE < 15%
DW nm, Pe %

cie x, ciey, red, green, blue, HRGB, IRGB, cie L, cie H, Munsell H, Munsell V,

cie x, ciey, green, blue, IRGB, cie L, Munsell V,
DW nm

activities measured on the sources.

4.3. Suspended sediment fingerprinting

All colour tracers that surpassed the linear additive test also passed
the range test (spectrometer- and scanner-based colour parameters,
Table 2) for the first two suspended sediment samples collected at the
upstream site (i.e. US1 and US2). However, some colour parameters did
not pass the test for the US3 samples (i.e. blue with scanner-based
colour parameters) and US4 (green, blue, cie L, Munsell V with scanner
and red, green, blue, IRGB, cie L, Munsell V with spectrometer-based
colour parameters). For the suspended sediment samples collected at
the downstream site, all tracers passing the linear additive test also
passed the range test (spectrometer- and scanner-based colour para-
meters). Both **”Cs and 2!°Pb,, passed the range test.

When using spectrometer-based colour parameters at the upstream
site, mixing models predicted that burned soil contributed to the largest
extent to the suspended sediment samples US1 and US2 (Table 5);
whereas predictions for the US3 and US4 suspended sediment samples
determined channel bank as the dominant source. At the downstream
site, predicted suspended sediment sources changed over time. DSla
and DS1b were collected in parallel during the same event and pre-
dicted similar contributions (the first post-fire flush 29/10/2013). The
mixing models predicted a dominant contribution of burned soil over
the other sources (Table 5). The predominant source was still burned
soil for the next sample collected (DS2), but the predicted predominant
source changed towards unburned soil for the DS3 sample. Finally, for
the DS4 sample, the mixing models predicted that the main suspended
sediment source was again burned soil, followed by unburned soil.

When comparing the MixSIAR predictions obtained using different
groups of tracers (i.e. spectrometer- and scanner-based colour para-
meters and FRNs), the three tracer groups predicted the same dominant
source in all samples except three (US1, US2 and DS4; Table 5). When
only comparing the spectrometer colour-based parameters and the FRN
results, the two groups always identified the same dominant source
(Table 5) except for the DS4 sample.

The source samples collected in 2016 showed scanner-based colour
values that range between the burned soil and the unburned soil sam-
ples (Fig. 10A and B). To verify eventual ash exhaustion impact on our
results, we determined suspended sediment sources by using MixSIAR
and the colour parameters measured in the 2016 soil samples as burned
sources (i.e. instead of the samples collected in 2013). The results did
not substantially change, with an average absolute error of 5.7 + 6.6%
(Fig. 10B and C).

5. Discussion

5.1. On the use of colour to trace suspended sediment sources in burned
Mediterranean catchments

The presence of ash after a wildfire tends to change the soil’s visible
reflectance (Lentile et al., 2006) and its carbon content (Bodi et al.,
2014) and, in consequence, the colour of the upper soil layer. Results
illustrated how colour parameters estimated from diffuse reflectance
laboratory measurements discriminate between burned surface soil,
unburned surface soil and channel bank sources. Artificial mixtures
showed that most colour parameters were linear additive and,

individually, were able to predict the colour of the mixtures by using a
mass balance approach. The highest errors were observed for the cie yy,
SRGB, cie X, cie Z, cie a*, cie b*, cie u*, cie v*, cie C, Munsell C and
redness index parameters (nRMSE > 15%). Therefore, they were
discarded as reliable sediment tracers. Once the non-conservative tra-
cers were discarded, the average nRMSE was equal to 5.1% = 2.9.
Errors were comparable with values reported in the literature.
Martinez-Carreras et al. (2010c) reported errors < 5% for 75% of their
artificial mixtures using cie x, cie y and cie yy colour parameters, whilst
the nRMSE ranged between 0.2 and 6.3% when 15 colour coefficients
were used by Uber et al. (Uber et al., 2019) and between 0.4 and 5.6%
by Gaspar et al. (2019) with geochemical tracers.

Furthermore, the presence of black ash in the artificial mixtures
resulted in increased nRMSEs for some colour coefficients (e.g. cie yy;
Fig. 2), suggesting that (i) these tracers should be discarded and (ii)
colour tracers should be evaluated locally and carefully when source
and sediment tracers contain black ashes. The differences in cie yy
nRMSE obtained in artificial samples containing grey and black ashes
may be due to different optical absorption. Black ashes had a lower
reflectance with an average brightness (i.e. cie yy) of 2.8 = 0.4, while
grey ashes showed an average of 17.3 * 3.8 (spectrometer-based
colour data). However, other parameters (e.g. cie X and cie y) were not
significantly affected when black ash was added to the artificial mix-
tures (NRMSE always < 4%). These were the most reliable colour
tracers.

Cie X and cie y values decreased when the ash proportion in the
artificial mixtures increased (Fig. 3), whereas total C and N content
increased. The average increase in the sediment total C content caused
for each increase of 10% in the proportion of black ash is 10 times
higher than for each increase of grey ash. Suspended sediment samples
collected at the upstream and downstream sites and the grey ash sediment
mixtures have similar proportions of C (i.e. ranging from 7.2 to 15.3%).
However, even with similar total C content, the suspended sediment
samples had higher cie x and cie y colour values than the grey ash ar-
tificial mixtures did (Fig. 11). This, together with the results of the
mixing experiments, suggests that most of the suspended sediment
samples contained < 20% of black ash (92.5% of the samples showed
values higher than those of the samples containing 20% of black ash;
Fig. 11) or < 30% of grey ash (Fig. 11). Thus, colour parameters can be
used to calculate the ash content of soil and sediment samples. For
instance, a gradual increase in the cie x and cie y colour values was
observed in the suspended sediment samples collected at the upstream
and downstream sites during subsequent events (Fig. 9), suggesting a
decrease in their ash content. Likewise, Reneau et al. (2007) used 137¢
activity to demonstrate that the proportion of ash in suspended sedi-
ment steadily decreased through the first rainy post-fire season and was
lower in the second one.

The apparent decrease in ash content in suspended sediment sam-
ples over time (Fig. 11) could be associated, not only with a variation in
the main source of sediment (i.e. burned surface), but also with ash
exhaustion on the hillslopes. The latter is informed by the redness
index, which correlates closely with the percentage of grey and black
ash in the artificial mixtures (Fig. 3F and G). Hence, the ash experi-
ments showed that the amount of ash also alters the redness index re-
gardless of the temperature reached during the fire. Therefore, even if
the redness index steadily decreases over time at both the upstream and
downstream sites (Fig. 5B), it alone cannot confirm that there were



J. Garcia-Comendador, et al.

Geoderma 379 (2020) 114638

0.40 — 0.370 — Fig. 3. Scatter plots showing estimated
*) o e (B) versus measured cie x (A), cie y (B) and
0.39 1 o ¢ > 0.365 - cie yy (C) spectrometer-based colour
.O s - parameter when adding increasing
o 0381 o 0360 1 proportions of ash (black and grey ash;
§ 8 0-100%) to a suspended sediment
4 (7} 4 .
‘g 0.87 e O 5 03%5 sample. (D) Normalized root mean
Z e O 7 «® é square error (nRMSE) between esti-
w036 e 1 0.350
e O « mated and measured spectrometer-
- b . . .
ased cie x, cie y, cie yy, red, green and
0351 @ }) O Greyashmixt, n=9 0.345 1 bl 1 r tyy fthg tificial
°. @ Black ash mixt, n=9 ue colour parameters of the artificial
034 ‘ i i - : 0.340 sediment-ash mixtures. (E) Scanned
034 035 036 037 038 039 040 0340 0345 0350 0355 0360 0365 0370 images of the sediment-ash artificial
Measured cie x Measured cie y mixtures when increasing the ash pro-
25 © — 80 ) portion (grey and black ash mixtures).
- C— Grey ash mixt., n=9 (F) correlation between grey and (G)
W Black ash mixt.,, n =9 .
20 4 black ash % and redness index mea-
- 60 1 sured in the artificial mixtures. (H)
>
o 45 & scatter plot between total C and cie x
o ~ .
° w0 and (I) between total N and cie x of the
o %) 1 . o X
E = sediment-ash artificial mixtures, the
10 A .
= 0 % US4 suspended sediment sample (US4
u 20 | SS), and black and grey ash.
5 4
0 . : : .
0 5 10 15 20 25 cie x ciey cieyy red green blue
Measured cie yy
Ash content:
E
® 0% 10 % 20 % 30% 40% 50% 60% 70 % 80% 90% 100 %
Grey ash
mixtures
Black ash
mixtures
1.6 120
(E) 2 (F) ’
14 ] R =098 o 100 R =0.99
12 o 20 |
3 ® 3 o
kel
£ 1.0 - ® 2 01
a o a
4] O [ )
£ 0.8 A © 5 40 |
Q 2]
3 o 3 Py
0.6 1 ° o 20 | °
°
04 © o] o o o o @
0.2 T T r T r T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Grey ash % Black ash %
80 0.8
©) L] (H) O Grey ash mixt, n=9
@ Black ash mixt., n=9
° 0.7 @ US4 SSsample,n=1 ° L
60 [ ] @ Grey ash sample, n =1 N
° ® Black ash sample, n = 1 [ ]
g ° g 081 *
© 40 | ° z ¢
g s [ J
o o
e ° = 051 b o @
. ° o ©
20 + [ J ° le) (@]
0.4 (@]
° o o © @ O o
o O
6 o O O O © 1)
0 : : T T 0.3 : : . :
0 20 40 60 80 100 0 20 40 60 80 100

Ash proportion (%)

contributions from sources affected by fire, irrespective of the ash
content in sediment.

Some studies report changes in the clay-sized material in sediments
after a fire by the fusion of the finest particles, generating coarser

Ash proportion (%)

aggregates (Blake et al., 2007; Dyrness and Youngberg, 1957; Ternan
and Neller, 1999). However, Garcia-Corona et al. (2004) found no
significant changes in aggregate size distribution in burned soils during
a laboratory experiment. In this study, even if there were differences in
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Table 3).

particle size distribution between suspended sediment and source
samples (Fig. 5), they were not statistically significant. Nevertheless,
samples were not sieved at different fractions and the influence of PSD
on colour parameters was not addressed and should be further ex-
plored. Pulley and Rowntree (2016) found that the intensity of red,

10

green and blue light reflected from the < 32 pum fraction of the sedi-
ment was significantly higher than that of coarser particles (i.e.

63-32 um and 125-63 um

fractions). When these authors, working in

the Karoo region of the Eastern Cape of South Africa, separated the <
32 pm fraction of the sources and sediments from the > 32 pum fraction,
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Fig. 6. Bi-plot showing the first and second discriminant functions for the spectrometer- (A) and scanner-based colour parameters (B) measured on the different
source types of Sa Font de la Vila catchment (downstream site). Tracers used are listed in Table 2.

there was less tracing uncertainty. Even though the Karoo region covers
a much larger area (> 150 km?) where in-stream transformations are
more likely to occur than at our study site (< 5 km?), the extent of
suspended sediment colour changes as a function of suspended sedi-
ment PSD and catchment size remains unknown and site-dependent.
Organic matter content also modifies the effectiveness of colour
tracers to discriminate sediment sources if suspended sediment content
increases during transport due to in-stream transformation. In non-
burned catchments, Ankers et al. (2003) found C concentrations ran-
ging from 4.5 to 12.2% in suspended sediment collected at 60 different
catchments. In burned catchments, soil C content substantially in-
creases when organic-rich ashes are incorporated into the soils at low
combustion completeness (typically T < 450 °C), with organic C
content as the main component (Bodi et al., 2014). However, lower C

content is expected in burned soils at high combustion completeness
(typically T > 450 °C), as most organic carbon is volatized. At our
study site, the average total C content of burned soils was 2.3% higher
than that of unburned soils, and 2.1% higher than in channel banks,
which suggests the incorporation of low-combustion ashes. We argue
that changes in total C content associated with ash incorporation and/
or soil transformation after a wildfire, when low-combustion ashes are
incorporated, are much larger than eventual changes due to in-stream
transformation in small catchments. In this study, on average, total C
increased by 0.6% = 0.2 and 6.4% = 2.5, respectively, when the
proportion of grey and black ash in the artificial mixtures increased by
10% (Fig. 11). Pulley and Rowntree (2016) used H,O, to remove or-
ganic matter in their South Africa samples to evaluate the uncertainties
associated with organic matter when using colour to trace suspended

5
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Fig. 7. Average particle size distributions of the different source types of Sa Font de la Vila catchment (downstream site) and suspended sediment samples.
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sediment sources. Their results showed that H,O, treatment reduced
source variability, homogenizing tracer values for each source and
improving the discrimination capacity of colour tracers over untreated
samples. However, the capacity of these tracers to discriminate between
surface and subsurface sources was reduced. The authors also artifi-
cially added organic matter to some mixtures and observed that it had
very little impact on the precision of colour tracers when it was < 30%
of the sample mass. In later research, Pulley et al. (2018) detected that
differences of 44% resulted when treating or not with H,O, sediment
and soil samples. When comparing these results with those provided by
mineral magnetic tracers, the authors concluded that the errors were
lower in the untreated samples, which means that the elimination of
organic matter using H>O, added more uncertainties to the unmixing
process.

The capacity of colour tracers to unmix artificial laboratory mix-
tures was evaluated by the MixSIAR software. The results of our study
illustrated average absolute errors of 12.3% =+ 9.1,12.3% =+ 4.2 and
10.1% = 4.2 for 2-, 3- and 4-source mixtures, respectively. These er-
rors were of the same order of magnitude as errors obtained by other
authors using other tracers. Haddadchi et al. (2014) applied four dif-
ferent models using geochemical tracers to 20 artificial mixtures and
obtained mean absolute errors ranging from 10.8% to 28.7%. Lower
errors were found by Brosinsky et al. (2014), who used VNIR-SWIR
spectral features to unmix 33 artificial samples and found errors < 10%
in practically all cases. Gaspar et al. (2019) also obtained similar results
with RMSEs ranging between 0.4% and 5.9% when they unmixed 12
artificial mixtures (10 replicas each) from 3 sets of different
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geochemical tracers. Nevertheless, Uber et al. (2019) demonstrated,
using three different mixing models (i.e. NNLS, SIMMR and PLSR), that
the choice of tracers generates a greater impact on the model results
than the type of model used. However, other authors found that dif-
ferent results might also be associated with the mixing models used
(Haddadchi et al., 2014). In addition, if colour signatures are relatively
similar (e.g. mix4-m4, mix4-m5, Supplementary Table 5), colour tracer
measurements are not precise enough to quantify source contributions
accurately.

Chromatic parameters calculated from the spectrometer in the la-
boratory and scanner-based colour parameters correlate closely
(p < 0.01), which confirms that colour parameters provided by an
office scanner are as reliable as colour tracers from a spectro-
photometer. The differences in the absolute values obtained with the
two techniques are related to (i) different measurement environments
(i.e. dark room vs. office) and (ii) a lack of scanner calibration. Pulley
and Rowntree (2016) demonstrated the reliability of an ordinary
scanner in sediment fingerprinting research. They compared colour
signatures with mineral magnetic signatures to trace bed and suspended
sediment in the South African Karoo. The discriminatory efficiency of
colour signatures ranged between 92.2% and 96.7% and were com-
parable to the results obtained using mineral magnetic signatures (i.e.
94%).

5.2. Suspended sediment origin after a wildfire in a Mediterranean
catchment

The use of colour parameters to determine suspended sediment
sources in the Sa Murtera (upstream site) and Sa Font de la Vila
(downstream site) catchments, both affected by a wildfire in 2013, was
assessed. Since errors associated with the unmixing of artificial samples
might be high (see Section 5.1), the results using reflectance-based and
scanner-based colour parameters were compared with those obtained
using radioisotopes (i.e. 3’Cs and 2'°Pb,,). It had been shown pre-
viously that the FRNs were able to recognize sediment sources in
burned catchments (Wilkinson et al., 2009). The use of multi-finger-
print techniques is crucial to detect and quantify potential biases be-
tween different tracer sets and obtain reliable and robust estimates (e.g.
Uber et al., 2019). In general, results showed that the three tracer
groups predicted the same dominant source (Table 5). Nevertheless, at
the upstream site, tracing results for the first two samples (i.e. US1 and
US2) obtained with the scanner-based colour parameters indicated a
different dominant source from the spectrometer-based colour para-
meters and the FRNs (Table 5). When looking at the tracer values’
distribution measured for both samples and sources (Supplementary
Fig. 4), we can see that both the spectrometer- and scanner-based
colour parameters show cie x and cie y values similar to the values
measured on burned surfaces. However, green and blue tracer values
are similar to the values measured in channel banks. We argue that
these differences are the main cause of divergence in the source as-
cription results. Furthermore, the small number of channel bank sam-
ples (n = 4) could misrepresent the real colour tracer variability of this
source and confuse the un-mixing results. The results obtained with
FRNSs help us to determine the main suspended sediment source for the
US1 sample (burned soil with an average contribution of 83.3 = 12.3,
Table 5). However, FRNs showed poor discrimination for US2, which
does not allow clear determination of the main suspended sediment
source contributing to this sample. Nevertheless, the main predicted
source for the 4 upstream site suspended sediment samples always co-
incides in both the spectrometer-based colour parameters and the
radionuclides. However, the results for US2 (Table 5) are not very re-
liable because of the similar proportions of the two sources considered.
At the downstream site, the main contributing source was the same for
the three groups of tracers in all cases except for the 4th sample, in
which scanner-based parameters and FRNs indicated dominance of the
channel bank and unburned surface areas. The low suspended sediment
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Fig. 9. Hydrograph, suspended sediment concentration (SSC) and hyetograph at the Sa Murtera sub-catchment (middle plot; upstream site) and the Sa Font de la Vila
catchment (lower plot; downstream site) during the study period. Average cie x colour parameter values for each potential suspended sediment sources type (unburned
surface (US), burned surface (BS) and channel bank (CB), grey and black ashes (GA and BA, respectively) represented as dotted lines. Cie x colour parameter values
measured on the suspended sediment (SS) samples represented as orange dots. Pie charts show suspended sediment average source ascription at both sampling sites
together with a picture of the suspended sediment collected with the time-integrated sampler during each event.

concentration peak and the delivered load during the 4th event
(Table 3) may indicate not only a low slope-to-channel sediment mo-
bilization, but also the activation of small or very specific sediment
sources not well represented in the sampling. Limitations in the tech-
nique to identify sediment sources at low suspended sediment con-
centrations could be involved during these low magnitude events.

Table 3

Nevertheless, at both sites, results indicate that sediment contribution
from burned surface sources dominated the first hydrological year,
whereas unburned surface and channel banks dominated the second
hydrological year.

The samples collected in 2016 were used to validate the hypothesis
that some ash remained in the burned soils two years after the fire.

List of events sampled in the upstream site (Sa Murtera) and downstream site (Sa Font de la Vila). Total rainfall (P.tot.); maximum rainfall intensity in 30 min (IPmax-
30); total sediment load (Load); maximum sediment concentration (SS peak), and the cie X ,cie y and cie yy spectrometer-based colour parameters measured in the
suspended sediment samples. DS1a and DS1b were sampled simultaneously in the same event.

Site SS Samples Date P.tot. IPmax-30 Q peak Load SS peak Colour parameters
(mm) (mmh™1) (m3s™ 1) ® (mgl1™ 1 Cie x Ciey Cie yy

Upstream site Us1 29/10/2013 51 100 - - - 0.3829 0.3617 12.0399
us2 17/11/2013 66 18 - - - 0.3848 0.3624 12.6789
Us3 15/12/2014 30 29.6 0.1 0.8 4.557 0.3897 0.3654 14.1313
Us4 20/01/2015 62 10.8 0.2 0.7 11.245 0.3968 0.3687 21.1625

Downstream site DSla* 29/10/2013 51 100 1.5 84 36.030 0.3785 0.3592 10.5616
DS1b* 29/10/2013 51 100 1.5 84 36.030 0.3772 0.3582 10.3677
DS2 17/11/2013 66 18 0.1 3 11.848 0.3861 0.3633 13.7114
DS3 15/12/2014 30 29.6 0.2 0.1 215 0.388 0.3665 19.3448
DS4 20/01/2015 62 10.8 0.5 1.1 285 0.3851 0.3639 15.0774

* Samples DS1a and DS1b were collected during the same event using two time-integrated suspended sediment samplers.
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Table 4
Average Fallout radionuclide (FRNs) activity (Bq kg™ ) in the different source
and sediment sample groups.

Tracers Sample groups Mean (Bq kg™ ") Sta.Dev.

210pp Channel bank 46.377 40.814
Burned surface 204.138 98.312
Unburned surface 42.045 52.376
Suspended sediment 177.835 102.389

137¢s Channel bank 6.260 3.803
Burned surface 28.665 16.076
Unburned surface 5.811 6.118
Suspended sediment 20.800 8.754

Thus, source samples collected after the fire were representative of the
entire sediment sampling period. The cie x, cie y and RGB scanner-based
colour value distribution (Fig. 10A and B) suggested that, although
there were colour changes after the fire, most probably due to ash wash,
there was still ash influence in the soil colour parameters. Furthermore,
sediment ascription results in both 2013 and 2016 burned surface
samples (Fig. 10B and C) were similar. Even if the changes in soil colour
properties caused by the fire still prevail today in some areas, the
samples collected in 2016 are not representative of the entire catchment
(see Section 3.2 for details). Catchment-wide representative sampling
would have been needed to improve the robustness of the source as-
cription results for the 2014 and 2015 suspended sediment samples.
In this study, it is assumed that sediment and ash were transported
in association on their way from the hillslopes to the stream and re-
mained in association during eventual deposition. However, this was
not investigated. Direct observations indicated that water flows are
notably turbulent at the study sites, generating a relatively homo-
geneous mixture of suspended sediment within the water column.

Table 5
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Nevertheless, the sediment originating at unburned areas could be in-
fluenced by the ash during in-stream transport, generating erroneous
source ascription results. Many authors have documented increased
erosion rates, runoff coefficients and sediment delivery in burned areas
(e.g. Shakesby and Doer, 2006; Vieira et al., 2015). In addition, the
incorporation of ash to runoff tends to increase its density, resulting in
greater erosivity potential and enhancing its sediment transport capa-
city (Gabet and Sternberg, 2008). Even so, the transport mechanisms of
ash and mineral particles should be further explored to determine
whether they are transported together and what influence they have on
colour parameters. This would improve the robustness of the technique.

The main sediment sources in a burned catchment may vary ac-
cording to catchment characteristics and the magnitude of post-fire
rainfall events. Other studies of burned catchments also found temporal
variations of the main sources of sediment. Distinguishing only between
surface vs. subsurface sources and using radionuclides, Wilkinson et al.
(2009) and Smith et al. (2011b) observed predominance of surface soil
in two burned forested catchments in Australia, despite differences in
fire severity patterns, size and geology characteristics. In addition,
Smith et al. (2011b) found a gradual decrease of surface soil con-
tributions during the first 4 years after the wildfire. However, Owens
et al. (2012) found a predominance of subsurface/channel bank con-
tributions in a semi-arid forested burned catchment in Canada, due to
the low-intensity rainfall that constrained sediment delivery from hill-
slopes. Estrany et al. (2016) used radionuclides to trace suspended se-
diment sources after a wildfire in a small Mediterranean catchment in
Spain. The authors also quantified a small contribution from burned
areas (12% on average) to bed-sediment samples during a flood event
characterised by 69 mm of total rainfall in 24 h.

Studies show divergences in landscape response after a wildfire.
Predominant factors influencing erosive processes in burned

MixSIAR source apportionment using spectrometer-based colour parameters, scanner-based colour parameters and fallout radionuclides activity (FRNs) for the
suspended sediment samples collected at the upstream and downstream sites. It should be note that unburned surface and channel bank sources were joined for FRNs at

the downstream site.

Spectrometer Scanner FRNs
SS sample  Sources Average (%) Quantile distribution 2.5% —  Average (%) Quantile distribution 2.5% —  Average (%) Quantile distribution 2.5% —
97.5% 97.5% 97.5%
Upstream site
Us1 Burned surface 61.3 * 10.3 43.5-83.9 39 * 10.4 21.3-66.2 83.3 + 12.3 52.2-99.3
Channel bank 38.7 + 10.3 16.1-56.5 61 + 10.4 37.8-78.7 16.7 = 12.3 0.7-44.8
Us2 Burned surface 51.4 = 9.1 36.1-71.9 31.6 =+ 12.3 8.3-58.4 55.1 = 20.3 20.4-96.1
Channel bank 48.6 + 9.1 28.1-63.9 68.4 + 12.3 41.6-91.7 449 = 20.3 3.9-79.6
Us3 Burned surface 314 + 94 11.7-50.1 8 + 87 0.2-29.2 27.9 +* 19.5 2.5-80.3
Channel bank 68.6 = 9.4  49.9-88.3 92 + 87 70.8-99.8 72.1 = 19.5 19.7-97.5
Us4 Burned surface 18.1 + 11.2 1.2-43.7 21.2 = 2.2 0.6-85.8 21.3 = 18.8 0.9-75.5
Channel bank 81.9 * 11.2 56.3-98.8 78.8 + 2.2 14.2-99.4 787 = 18.8 24.5-99.1
Downstream site
DSla Burned surface 84.6 + 6.4 70.9-96 88.4 + 5.7 75.2-97.5 85.8 = 10.3 62.4-99.5
Unburned 57 = 4.2 0.3-15.9 44 = 34 0.2-12.8 142 = 10.3 0.5-37.6
surface
Channel bank 9.7 £ 6.8 0.4-25.5 7.2 £ 58 0.2-21.8
DS1b Burned surface 86.2 + 6.1 73.3-96.7 81.3 + 7.5 65.3-94.8 70.3 = 16 40-97.8
Unburned 51 = 3.9 0.2-14.6 6.5 = 4.7 0.3-17.2 29.7 = 16 2.2-60
surface
Channel bank 8.7 +* 6.2 0.4-23 12.2 = 84 0.5-30.4
DS2 Burned surface 53.8 + 87  36.8-70.3 53 = 10.2 31.7-70.9 72.7 = 15.3 43.5-98.1
Unburned 19.8 = 10 1.6-38 19 = 10 1.4-38.1 27.3 * 15.3 1.9-56.5
surface
Channel bank 26.4 = 15.7 1.9-58.3 279 = 17.2 1.4-63.1
DS3 Burned surface 20.3 + 9.5 2.1-38.2 86 = 7.1 0.2-26 - -
Unburned 65 + 10.5 45-84.2 65.9 + 17.4 21.2-91.3 - -
surface
Channel bank 147 + 129 0.5-44.9 254 = 20 1-75.1
DS4 Burned surface 49 * 7.9 32.7-63.3 284 * 154 3-56.5 38.4 + 19.8 7.9-86.4
Unburned 344 = 9.7 9.8-50.4 19.6 = 162 0.5-52 61.6 = 19.8 13.6-92.1
surface
Channel bank 16.6 + 13.8 0.6-52.9 52.1 * 29.1 1.6-91.8

14
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Fig. 10. (A) Box plots of cie x and cie y scanner-based colour parameters measured in 2013 burned source samples, 2016 burned source samples and 2013 unburned
source samples; (B) Box plots of red, green, blue scanner-based colour parameters measured in 2013 burned source samples, 2016 burned source samples and 2013
unburned source samples; (C) Average MixSIAR source apportionment results using 2013 burned surface scanner-based colour parameters; (D) Average MixSIAR
source apportionment results using 2016 burned surface scanner-based colour parameters.

catchments, besides fire, are the magnitude, frequency and intensity of
post-fire rainfall and any associated floods (Moody and Martin, 2009;
Smith et al., 2011ab). The Mediterranean is a highly energetic en-
vironment with large inter-annual variability of rainfall, resulting in
different sediment yields and sediment origin depending on seasonality,
preceding wetness conditions and intrinsic characteristics of each
event. In addition, the important presence of agricultural terraces in the
Sa Font de la Vila catchment (Fig. 1D) plays an important role in se-
diment connectivity, by decreasing water and sediment yield
(Calsamiglia et al., 2018). Garcia-Comendador et al. (2017a) analysed
the hydrological dynamics and suspended sediment transport in the
catchment during the first three post-fire years (2013-2016). The hys-
teresis analysis during this period concluded that 67% of the counter-
clockwise hysteresis (i.e. associated with distant sediment sources, po-
tentially burned areas in this case) occurred during the first year after
the fire, decreasing significantly in subsequent years together with se-
diment yield. During these three years, 92% of the sediment was ex-
ported during the first event (October 2013; samples US1, DSla and
DS1b). These results corroborate the tracing results obtained with the
spectrometer-based colour tracers, showing a decrease over time in the
contribution from distant areas (i.e. fire-affected hillslopes) and varia-
tions in the main sediment sources over time (Table 5). The decrease in
the sediment contribution from burned hillslopes is related not only to
partial vegetation recovery, but also to that rainfall events occurring
during the second year after the fire did not exceed the intensity
thresholds needed to generate effective slope-to-channel connectivity
(Calvo-Cases et al., 2003), resulting in disconnected burned hillslopes.
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6. Conclusions

Colour tracers measured with a spectrometer and a scanner dis-
criminate usefully between burned and unburned sediment sources.
This is a result of the soil colour changes associated with the transfor-
mation of biomass, necromass and soil organic matter into ash during a
fire. Colour parameters can be used in unmixing approaches to tracing
suspended sediment sources after wildfires in small Mediterranean
catchments, as our results are consistent — for most of the samples —
with tracing results obtained with well-established radionuclides. The
main advantage of colour parameters is that they can be measured
quickly and are cheap and non-destructive. Hence, they enable post-fire
management strategies to be decided quickly and their success to be
followed up easily.

Nevertheless, results obtained using colour parameters must be
carefully considered and cross-checked by use of other tracers. This
might be even more important in burned catchments, where ash ex-
haustion and soil recovery during the disturbance period may affect
colour parameters. Accordingly, variations in organic matter content
and differences in particle size distribution need to be addressed.

In the Sa Font de la Vila catchment, the contribution of burned
hillslopes to suspended sediment gradually decreased. We hypothesise
that this might be related to partial vegetation recovery. However,
it appears that the relatively low rainfall intensities measured during
the second year after the fire might not have reached the thresholds for
generating effective slope-to-channel connectivity. Further research is
necessary to evaluate the recovery of the catchment, a highly variable
and changing ecosystem.



J. Garcia-Comendador, et al.

0.40

=
)

© Suspended sediment samples
O Grey ash mixtures
@ Black ash mixtures

0.39 ~

0.38 -

0.37 1

Cie x

0.36

Increasing grey ash content

0.35 A

0.34 -

0.33 T T T T
30 40
Total C (%)

50 60 70

0.40

0.39 1

0.38

0.37 A

Cie x

0.36 -

0.35

0.34 -

0.33 T
0.3 04

0.5 0.6 0.7
Total N (%)

0.8
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Finally, the lack of standardized protocols for sampling sediment
sources in burned catchments should not be forgotten. The values of not
only soil colour parameters, but also other tracers, change on the in-
corporation of ashes. Therefore, the sampling protocol (e.g. in-
corporating the layer of ash partially or completely removing it to reach
the soil surface) and the sampling time (e.g. immediately after the fire
or a few days later) require further research. The use of a standardized
sampling method will allow better comparison between studies of dif-
ferent sites, as it would take into account not only the fire and the
characteristics of the study area, but also post-fire hydrometeorological
conditions.
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