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ABSTRACT

The role of traditional water meadows located at the valley bottom (lameiros) on the process of sediment
transport remains poorly studied, especially after forest fires. We quantified the spatiotemporal changes of
sediment transport caused by recurrent fires in two transboundary (N Portugal, NW Spain) headwater paired
basins (32 km? in total) where tens of fires affected vegetation (Mediterranean forest) between 1997 and 2020.
The difference Normalized Burn Ratio (ANBR), the Aggregated Index of sediment Connectivity (AIC), and the
Sediment Delivery Ratio (SDR) were calculated for ten temporal scenarios, and how the 99 lameiros modulate the
sedimentological response. Overall, 49.8% of the study area burned at least once, with low- to moderate-low
severity prevailing, but higher recurrence, up to four times, affected northern and higher-altitude zones. Vege-
tation recovery and human activities (new forest trails, firebreaks and post-fire management) occurred unevenly
across scenarios. The shorter the distance to lameiros, the lower fire severity and frequency. Over time, AIC and
SDR increased with the largest fire-affected areas and slightly decreased with vegetation recovery. At the small
sub-basin scale (n = 756; 549 burnt and 207 unburnt), lameiros reduced SDR by 36% and 7% in the burnt and
unburnt sub-basins, respectively. Current soil erosion and sediment yield were of 3.34 and 3.96 Mg ha™! yr™},
and 322 and 344 Mg yr’1 in the two basins (calculated with RUSLE-AIC-SDR). Preservation, maintenance and
restoration of lameiros should be prioritised as a nature-based and cost-effective solution that reduces fire
propagation risk and soil loss.

1. Introduction

slope of the terrain there are significant increases in sediment produc-
tion (Gonzalez-Romero et al., 2021). In Spain and Portugal, forest fires

Forest fires represent a significant disturbance to soil properties
(Agbeshie et al., 2022), and hydrological (Yu et al., 2019) and sedi-
mentological dynamics, including increased runoff connectivity -mainly
due to the loss of vegetation— (Fernandez et al., 2020) at both immediate
and long-term time scales (Vieira et al., 2018). In particular, soil erosion
and sediment transport —including ash removal (Reneau et al., 2007)—
reach exceptionally high rates in some areas, even surpassing erosive
processes that have occurred over millennia (Ellett et al., 2019). In
Mediterranean mountainous areas the impact of fire is accentuated
owing to the combination of high temperatures and scarce precipitation
in summer (Pausas and Vallejo, 1999) and, consequently, due to the

are a pressing threat, occurring frequently, destroying vast forest areas,
but also bushland and suburban areas (Wilkinson et al., 2009). The year
2017 was challenging, with extensive fires occurring in both countries
associated with abnormal droughts and heat waves. Portugal faced a
particularly intense fire season, with a record total burnt area of
approximately 500,000 ha (Editorial Nature Climate Change, 2017;
Sanchez-Benitez et al., 2018). However, while the role of upslope
vegetation loss in amplifying soil erosion and sediment transport is well
documented, the specific contribution of valley-bottom wetland fea-
tures, such as traditional water meadows, in modulating these dynamics
under recurrent fire disturbance remains poorly understood.
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Time series of maps are a powerful tool to track the impact of fires on
sediment transport dynamics, capturing changes that have occurred in
the vegetation (losses and gains), as well as post-fire practices (land use,
actions on the ground, and topography), which modify the structure of
the landscape (Colombaroli and Gavin, 2010; Martinez-Murillo and
Lopez-Vicente, 2018). On the other hand, assessing the severity of fires is
fundamental to understanding the extent of the damage caused. For this
assessment, indices derived from remote sensing (satellite and drone-
derived imagery), such as the NBR (Normalized Burn Ratio) and dNBR
(difference Normalized Burn Ratio) have been widely used to quantify
the extent and intensity of the damage caused by fires (Neary et al.,
2005; Alcaras et al., 2022). More recently, Miller and Thode (2007)
proposed the relative dNBR (RANBR), which stands out for providing
more accurate assessments of fire severity in heterogeneous environ-
ments. Remote sensing tools such as the Google Earth Engine (GEE)
allow efficient calculation of fire severity indices across large areas and
time series (Vieira et al., 2023).

The sediment delivery ratio (SDR) is fundamental to understanding
sediment transport in river basins (Abebe et al., 2023; Lopez-Vicente
et al., 2011). Essentially, SDR is the ratio between the sediment yield at
the basin outlet and the average annual soil loss in its upstream area.
This reflects the basin's capacity to send eroded sediment to its outlet
(Liu, 1994; Wu et al., 2018). In parallel, the index of runoff and sediment
connectivity (IC; Borselli et al., 2008), and its different versions
—included the aggregated index of sediment connectivity (AIC; Lopez-
Vicente and Ben-Salem, 2019)-, is a useful computer-based tool to assess
the spatial connection of sediments from their source area to a defined
target (river, sink, lake, dam, outlet, etc.). Both, IC and AIC have been
applied in a variety of topographic and land cover conditions and
research contexts (Cavalli et al., 2013; Jin et al., 2024), including fire-
affected areas (Lopez-Vicente et al., 2020; van der Grift, 2021; Wu
et al., 2021). Combining fire severity indices with the analysis of sedi-
ment connectivity is useful to understanding the response of these areas
to disturbance events such as forest fires (Martinez-Murillo and Lopez-
Vicente, 2018; Martini et al., 2020). In the study of SDR, Vigiak et al.
(2012) proposed the use of IC to estimate SDR for a large Australian
basin. The combined use of IC and a soil erosion model (e.g. revised
MMF) can be a suitable approach to derive maps of sediment trap
effectiveness across the landscape (Lopez-Vicente et al., 2015). Later,
Hamel et al. (2015) designed the InVEST (Integrated Valuation of
Environmental Services and Tradeoffs) set of tools, indicating the fate of
eroded particles through SDR (Sharp et al., 2015; Ougougdal et al.,
2020). The calculation of SDR in InVEST includes IC/AIC integration to
understand better sediment transport processes (Hamel et al., 2015; Wu
et al., 2025). This approach allows for a more complete analysis of soil
erosion and sediment transport dynamics at different geographical
scales, resulting in reliable and accurate estimates (Guo et al., 2023).

Lameiros (term in Portuguese and Galician) are traditional man-made
irrigated grasslands occupying valley bottoms in the mountainous areas
of NW Iberia. Unlike the surrounding heathland and shrubland, lameiros
maintain dense herbaceous cover year-round due to irrigation and high
soil moisture, which prevents fire ignition and spread (ICNF, 2020;
Bertocco et al., 2025). Their valley-bottom position means they inter-
cept the sediment pathways between slopes and stream channels,
functioning as permanent sediment sinks that generate structural dis-
connectivity (Bertocco et al., 2025). While general vegetation cover is
known to reduce post-fire erosion through temporal recovery, lameiros
represent a persistent buffer whose effectiveness is independent of fire-
induced vegetation loss. This distinction has not yet been explored in
post-fire sediment connectivity research. Moreover, the progressive
abandonment of these meadows threatens both their hydrological
function and their role as natural firebreaks, yet the geomorphological
consequences of this abandonment under recurrent fire regimes remain
unquantified. In Portugal, active lameiros are officially recognised by the
ICNF (Institute of Nature and Forest Conservation) as structural ele-
ments of wildfire prevention (ICNF, 2020).
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Until now, no study has yet assessed how lameiros modulate the
spatiotemporal response of sediment connectivity and SDR under
recurrent fire regimes. Existing studies on vegetation-mediated buff-
ering of post-fire sediment transport focus on upslope vegetation re-
covery dynamics (Shakesby, 2011; Lopez-Vicente et al.,, 2021) but
neglect the role of permanent valley-bottom wetland features as struc-
tural disconnectors. This study addresses three key scientific questions:
(i) How do recurrent fires modify sediment connectivity and SDR over a
multi-decadal period in headwater Mediterranean basins? (ii) Do
lameiros effectively buffer sediment delivery increases caused by fire,
and does their buffering function differ quantitatively from that of
general vegetation cover? and (iii) Does the spatial proximity and use
status of lameiros influence fire severity and recurrence? To achieve this
goal, the maps of AIC and SDR, all dimensionless, are generated for 10
temporal scenarios in a 24-year period (from 1997 to 2020) by means of
integrating high-quality and reliable input data obtained or generated
from distinct and independent sources. This study does not aim to
quantify the exact amount of exported sediment over the analyzed
period, but to evaluate the temporal dynamic of sediment transport
potential in basins affected by recurrent fires and subjected to opposite
land cover changes (vegetation loss due to fires and gain due to recov-
ery). Finally, we estimate soil erosion and sediment yield for the most
recent scenario as an order-of-magnitude reference to support a soil
conservation proposal with a special focus on lameiros.

2. Materials and methods
2.1. Study area

Two paired basins located in the transboundary zone between Spain
and Portugal were delimited: ‘Ribeira de Candanedos’ basin (‘B.08’;
14.5 km?) and ‘Ribeira do Sil’ basin (‘B.13’; 17.2 kmz), which outlets
come together in the same point that is the beginning of Igrejas River
(Fig. 1a, b). The entire surface located in Portugal is under environ-
mental protection, being part of the Natural Park of Montesinho. In a
previous recent study, all lameiros were accurately mapped (n = 99),
with 51 located in basin B.08 and 48 in basin B.13. Their areas estimated
with mean values of 3056 and 4438 m? in B.08 and B.13) (Bertocco
et al., 2025) (Fig. 1c). The topography of the basins is characterized by
undulating terrain with moderate to high average slopes (S=21% and
20% in B.08 and B.13). The permanent streams in the main valleys cross
the basins from north to south.

The region's climate is temperate Mediterranean with continental
influence, with distinct seasons, including a wet period from October to
February and a dry summer with low rainfall in July and August. The
average annual temperature and precipitation is 12.1 °C and 733 mm.
The predominant vegetation includes heathland and moorland, conif-
erous forests, transitional woodland shrubs, and areas of sparse vege-
tation. Small-scale agricultural mosaics, including some cereals,
pastures, and dispersed orchards (e.g. olive groves and vineyards),
interspersed with natural and semi-natural areas, occupy only about 1%.
Man-made linear landscape elements (e.g. forest trails, firebreaks, and
paved mountainous road) occupy less than 2%. According to de Fig-
ueiredo (2013), shales, which is the predominant lithology, give rise to
poorly developed soils with high stoniness, such as Leptosols and
Cambisols (Bertocco, 2021). Leptosols, which are shallow and common
in areas with steep slopes, facilitate surface runoff (Afonso and Arrobas,
2009), while Cambisols, which are deeper, have greater infiltration ca-
pacity (de Figueiredo, 2013). All variables and parameters used in the
models are listed in Table 1 for reference.

2.2. Study period and forest fires

A 24-year period was defined to study the impact of fires and
recurrent fires on sediment connectivity and transport at medium-term.
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Fig. 1. Location of the study area (blue circle) between Spain and Portugal (a), and pictures of the landscape showing the lameiros with (b.1) and without river (b.2);
and a fire-affected area just after the fire (b.3) and with vegetation regrowth (b.4). Hillshade-map derived from the DEM including the location of the four types of
lameiros, the slope gradient map, the contour lines of elevation and the stream network used as computational target of sediment connectivity (c), and location and
extension of the burnt areas —including recurrent fires— during the 24-year study period (d). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Using high-resolution (between 0.25 x 0.25 m and 1 x 1 m; in most
cases of 0.5 x 0.5 m) aerial orthophotos (PNOA series of the Spanish
National Center of Geographic Information - CNIG), ten representative
past scenarios (SC), which correspond to specific dates and temporal
settings, were defined to simulate sediment connectivity and transport,
namely: October 1997 (reference year, SC1), August 2001 (SC2), July
2004 (SC3), August 2006 (SC4), July 2008 (SC5), July 2010 (SC6), July

2011 (SC7), July 2014 (SC8), July 2017 (SC9) and August 2020 (SC10)
(Table 2). Using the previous scenario as basis for the comparison, the
observed changes between each pair of consecutive scenarios were
assessed: ASC2-1, ASC3-2, ASC4-3, ASC5-4, ASC6-5, ASC7-6,
ASC8-7, ASC9-8, ASC10-9, and finally ASC10-1 for the complete
series.

One hundred eight fires affected the study area and its surroundings
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Table 1
Variables and parameters used throughout this study.

Symbol Description Units

A Upslope drainage area m?
Dimensionless (—co,

AIC Aggregated Index of sediment Connectivity +c0)

AIC, AIC calibration parameter dimensionless

AWC Aggregated weighting factor dimensionless

C Vegetation and management factor Dimensionless (0-1)

c Vegetation and management factor (C-RUSLE, dimensionless

t normalized) (0.001-1)
Probability of runoff and sediment reaching a . .
Dgn . dimensionless
sink along the flow path

d; Flow path distance at each pixel m

dNBR Difference Normalized Burn Ratio dimensionless

Dup Upstream component dimensionless

E Soil erosion Mgha ! yr?!
MJ mm ha='h™!

EI30 Monthly rainfall erosivity month !

K Soil erodibility factor MghMJ ' mm™*!

Ky SDR shape parameter dimensionless
dimensionless

K, Soil permeability factor (0.001-1)

LS Slope length and gradient factor dimensionless

M Soil texture parameter (silt + fine sand) %

NBR Normalized Burn Ratio dimensionless

NIR Near infrared band reflectance dimensionless

oM Organic matter content %

P Soil conservation factor Dimensionless (0-1)

R Rainfall erosivity factor MJmmha ' h~yr!
dimensionless

R, Normalized rainfall erosivity factor (0.001-1)
dimensionless

RT Terrain roughness factor (0.001-1)
dimensionless

S Slope gradient (0.001-1)

SDR Sediment Delivery Ratio Dimensionless (0-1)

SDR,qx ~ Maximum SDR value Dimensionless (0-1)

Ssy Area-specific sediment yield Mg ha ! yr?

SWIR Shortwave infrared band reflectance dimensionless

SY Sediment yield Mg yr!

during the study period (mean rate of 4.5 fires per year). None of these
fires covered the whole surface of the two basins, being small fires in
most cases: 1 fire in 1997, 1 fire in 1998, 3 fires in 1999, 15 fires in 2001,
17 in 2002, 10 in 2003, 12 in 2004, 9 in 2005, 6 in 2006, 5 in 2007, 11 in
2008, 1 in 2009, 3in 2010, 1 in 2011, 8in 2012, 4in 2015, 1 in 2016, 1
in 2017, and 1 in 2020 (Table 2). These fires were distributed across
various years, with the majority occurring between 2001 and 2008, a
period of significant fire activity in the region (ca. 12 fires per year).
Note that the official fire databases were used solely for temporal
characterization of fire occurrence (dates, causes, and number of fires).
The spatial quantification of burned areas within each basin, including
the breakdown by scenario, was performed using the high-resolution
aerial orthophotos (PNOA series), as described below (steps I-VI),
since the official records do not provide spatially explicit fire perimeters
compatible with the basin boundaries.

The data used in this analysis come from two primary sources: The
Spanish Ministerio de Agricultura, Pesca y Alimentacion (MAPA) and the
Portuguese Instituto da Conservagao da Natureza e Florestas (ICNF). Both
sources provided crucial information such as each fire's date, cause,
burned area, and geographical coordinates. For Spain, data were
meticulously extracted from the Estadistica General de Incendios Fore-
stales (EGIF), a dataset compiled by the Coordinacion de la Informacion
Nacional de Incendios Forestales (CINIF), covering the period 1968-2021.
In Portugal, fire data were retrieved from the ICNF's Sistema de Gestao de
Informagao de Incendios Florestais (SGIF) for the period 2001-2023.
However, data from 1980 to 2000 were only available at the municipal
level, lacking precise geographical coordinates. For this earlier period,
geographical estimates were made based on the locations of the mu-
nicipalities to evaluate whether the fires impacted the study area.
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In both countries, the mapped fire areas were cross-referenced with
spatial data in a thorough and meticulous process to assess fire distri-
bution and recurrence over time. The majority of fires, 85%, were
intentional. Fires caused by accidents or negligence accounted for 3.7%,
while 0.93% were linked to campfires. Fires started by lightning rep-
resented 0.93% of the total, and 6.5% of fires had an unknown cause.
Lastly, 2.8% were attributed to re-ignition of previous fires. These
classifications provide valuable insights into the causes of fires in the
region (Supplementary Table 1).

In a first step and using the orthophotos, the following layers were
mapped for each scenario: I) areas where fires occurred (loss of vege-
tation) —further used for the burn severity assessment—; II) areas with
recovery/ gain of vegetation; III) construction of new forest roads; IV)
abandonment of forest roads; V) opening of new firebreaks; and VI)
abandonment of firebreaks. This task allowed us to quantify the real area
affected by fires and the extent of the area affected by recurrent fires
throughout the study period (Fig. 1d).

2.3. Burn severity assessment

Burn severity was mapped using the Normalized Burn Ratio (NBR)
and the differentiated Normalized Burn Ratio (ANBR) (Key and Benson,
2006). NBR (Eq. 1) calculates the distant responses of the near infrared
(NIR: 0.64-0.67 mm) and shortwave infrared (SWIR: 1.57-1.65 mm)
bands, making it possible to discern between areas of intact vegetation
and burnt surfaces:

NBR = (NIR — SWIR)/(NIR -+ SWIR) )

NBR returns values between —1 and 1. Healthy green vegetation will
have a high NBR value while burnt vegetation will have a low value.
Areas of dry, brown vegetation or bare soil will also return lower NBR
values than green vegetation. dNBR is calculated by the difference be-
tween the post-fire and pre-fire NBR values (Eq. 2), and then used to
calculate the scaled burn severity index:

dNBR = NBRprefﬁre - NBRpostfﬁre 2

The dNBR value can be more useful than the NBR alone to determine
what is burnt as it shows change from the baseline state. A burnt area
will have a positive dNBR value while an unburnt area will have a
negative dNBR value or a value close to zero. dNBR can also be used to
describe burn severity. A higher severity fire will burn more vegetation,
resulting in a higher dNBR. Rahman et al. (2018) found —using Sentinel-
2 imagery- that the dNBR threshold values for differentiating burnt from
unburnt areas may change in areas with different vegetation types. In
this study, we used the burn severity classes based on dNBR values as
outlined by Key and Benson (2006) (Table 4).

Unburned areas potentially show an increase in vegetation due to
growth. Low severity areas are characterized by light damage to vege-
tation and soil, which allows for rapid recovery. Moderate-low severity
refers to areas with more evident fire damage, where vegetation is
partially lost but some plants survive. Moderate-high severity areas
experience significant damage, affecting most vegetation, resulting in a
slower recovery (Fig. 1b). Finally, high severity represents areas where
almost all vegetation is destroyed, leading to exposed soil and a signif-
icantly altered landscape. The use of burn severity classes was limited to
the areas where vegetation loss was previously identified by using the
high resolution aerial orthophotos. In previous studies conducted in
Mediterranean fire-affected areas, covering Spain (Lopez-Vicente et al.,
2020; Garcia-Llamas et al., 2020), Portugal (Follmi et al., 2022), and in
regions encompassing both countries (Hausler et al., 2018), the use of
burn severity maps to refine the parameterization of the C-RUSLE factor
was an initial step before proceeding to calculate soil erosion and/or
sediment connectivity/ transport. The C-RUSLE factor is the vegetation
and cultivation management factor defined in the RUSLE model of soil
erosion (Renard et al., 1994).
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Table 2
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Simulated scenarios and data sources used to characterize the forest fires and generate the land use and land cover maps. The number of fires that affected the study
area and/or the surrounding areas between each pair of scenarios are also indicated.

Date Fires Scenario Land use and land cover map data source

Satellite imagery

PNOA SIOSE COs

(SP) (PT)

Year number Name

ICNF FIRE
(PT) (SP)

Pre-fire Post-fire

1995 -
1996
1997
1998
1999

1 Scl 10/1997
1
3
2000 0
9
6

2005 1995

2001
2001
2002 17
2003 10
2004 12 Sc3
2005 8

2006 5 Sc4
2006
2007
2008
2009
2010
2010
2011
2011
2012
2013
2014
2014
2015
2016
2017
2018
2019
2020

Sc2 07/08/2001 2005 1995

25/07/2004 2005 2007

12/08/2006 2005 2007

=

Sc5 18/07/2008 2009 2007

Scé6 25/07/2010 2009 2010

Sc7 20/07/2011 2011 2010

Sc8 30/07/2014 2014 2015

Sc9 02/07/2017 2017 2018

H OO AOOOW®MOKFE WOHHRFWU -

Scl0 22/08/2020 2017 2018

Scl: 09/02/1997 (L5) Sc

5

: 05/09/1997 (L5)

Yes Sc2: 15/02/1999 (L5)

Sc2: 07/08/2001 (L7)
Sc3: 03/11/2001 (L5)

Yes Sc3: 07/08/2004 (L5)
Sc4: 30/01/2005 (L5)

Yes Sc
Sc5: 12/07/2006 (L5)

'S

:12/07/2006 (L5)

Yes Sc
Sc6: 06/09/2009 (L5)

Yes Sc6: 24/08/2010 (L5)
Sc7: 24/08/2010 (L5)

Yes Sc7: 26/07/2011 (L5)
Sc8: 14/10/2011 (L5)

ol

: 17/07/2008 (L5)

Yes Sc8: 16/06/2014 (L8)
Sc9: 16/06/2014 (L8)

Yes Sc9: 26/07/2017 (L8)
Sc10: 01/10/2018 (L8)

Yes Sc10: 04/09/2020 (L8)

PNOA: aerial orthophoto; SIOSE (SP): land use and land cover map of Spain; COS (PT): land use and land cover map of Portugal; ICNF (PT): forest fire information from
Portugal; FIRE (SP): forest fire information from Spain; L5: Landsat 5; L7: Landsat 7; L8: Landsat 8.

2.4. Satellite imagery acquisition and processing

Google Earth Engine (GEE) platform, based on a JavaScript pro-
gramming environment, was used for free acquiring, processing, and
analyzing time series images. One of the main advantages of GEE lies in
its ability to perform analyses and interpretations in parallel, resulting in
more agile processing of extensive geospatial data sets over long time
series, overcoming the limitations of conventional computing resources
(Long et al., 2019; Amani et al., 2020).

The Landsat satellite images were acquired from the United States
Geological Survey (USGS) archive and were available on GEE (Appli-
cation Programming Interface v.0.1.405; Geemap library v.0.32.1). For
the specific period of this study, images from Landsat 5 (n = 14 images),
Landsat 7 (n = 1) and Landsat 8 (n = 5) were used. These satellite images
are from Level 2, Collection 2, Tier 1. All these images have a pixel size
of 30 x 30 m. For Landsat 5 and 7, the band corresponding to the NIR is
SR_B4, and the one for the SWIR is SR_B7, while for Landsat 8, NIR is
SR _B5, and SWIR remains the same (SR_B7). The optical bands of each of
these images were multiplied by a scale factor of 2.75e-5 and were
added an offset of —0.20, to transform the data into reflectance units.
Two images, one pre-fire and one post-fire, were selected for each sce-
nario, following this criteria: I) the pre-fire image is the first image prior
to the date of the orthophoto (from PNOA) of the corresponding scenario
in which the new fire observed in the orthophoto cannot be seen (ruling
out old burned areas); and II) the post-fire image is the satellite image
closest in time (before or after) to the date of the orthophoto of the
corresponding scenario in which the same fires racteristic of the corre-
sponding scenario can be seen (Table 2). All images were preview using
Google Colab. To ensure data quality, we only selected images with low
cloud cover (average cloud cover of 1.5% from the 20 images;

Supplementary Table 2). The calculations of NBR and dNBR were also
performed in GEE for visualization and subsequent download.

2.5. Sediment connectivity: Index, inputs and configuration

The aggregated index of sediment connectivity (AIC) offers a
comprehensive approach to assessing sediment connectivity at different
spatial and temporal scales (Lopez-Vicente et al., 2020; Wu et al., 2023),
including mountain areas affected by forest fires (van der Grift, 2021).
The AIC metric combines the downstream potential for upstream flow
direction (Dyp component) and the probability of runoff and sediment
reaching a sink along the flow path (D4, component):

R, eRTeC,eKpeSe /A

Py
k=iAWC;

3

D
AICy, = log,, (DT@I;) = log,,

AWC; =R;eRT;eC,;eKp;eS; (€))

The subscripts k and n indicate that each cell has its own AIC-value
and the total number of pixels that sediment travels from its source area
to the defined target, respectively. All inputs, except A, have normalized
dimensionless values between 0.001 or 0.005 and 1 (Lopez-Vicente
etal., 2021). The values in the Dy, component correspond to the average
values of the upstream drainage area in each pixel. AIC index is defined
in the range [—o0, + 0], and higher AIC values indicate higher degrees of
connectivity. Index configuration affect output maps and values because
IC and AIC depend on the computational target (Cavalli et al., 2013;
Lopez-Vicente et al., 2020). In this study, sediment connectivity was
associated with the average stream conditions —avoiding summer low
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water and winter floods- that were analyzed in detail by Bertocco et al.
(2025) (Fig. 1c). The choice of the stream network as computational
target is justified because watercourses are permanent features, and
longitudinal sediment connectivity within them is an actual fact. As
lameiros are located within or adjacent to the stream network, their
buffering effect is effectively captured in this configuration. It should be
noted that a different computational target (e.g., the basin outlet) would
likely yield different SDR values and reduction percentages. All inputs
and outputs were processed at a 5 x 5 m resolution using cartographic
tools such as weighted flow length and flow accumulation, employing
the Deterministic Infinity (D-Inf) algorithm in QGIS Desktop 3.26.3 and
ArcGIS Pro 3.1.2.

The AIC uses the following input factors: R, is the normalized rainfall
erosivity factor, RT represents the roughness of the terrain, C; is the
vegetation and cultivation management factor (C-RUSLE), K|, is the soil
permeability factor, S is the slope gradient, A is the upslope drainage
area (mz), d; is the distance of the flow path at each pixel (m), and AWC
is the aggregated weighting factor. The subscript t refers to the user-
defined period of each simulation, that corresponded to each scenario
in this study. The rainfall erosivity factor map was generated using the
information from the three weather stations (WS) that surround the
study area: one in Spain called ‘Puebla de Sanabria® WS (42° 03
30.0312“ N, 6° 37’ 49.5194” W; data source: Duero River Water Au-
thorities), and two in Portugal called ‘Rio de Onor’ WS (41° 56’ 14.7“N,
6° 37’ 5.2” W) and ‘Montezinho’ WS (41° 55' 55.2“ N, 6° 47’ 6.0” W).
The data of the two WS located in Portugal were obtained from the
National Water Resources Information System (SNIRH) database. To
estimate the rainfall erosivity factor at annual (R; MJ mm ha'h! yr’l)
and monthly (EI30; MJ mm ha~! h™! month™1) scales, data from 9
hydrological years were used: from 2015 to 2023. EI30 was calculated
for each month of each year, and then averaged across the 9-year period
to obtain monthly values; R was obtained by summing the 12 monthly
EI30 values. This period is defined by the availability of data from the
three WSs; records prior to 2015 are limited and have many gaps. The
approach developed by de Santos Loureiro and de Azevedo Coutinho
(2001) in Portugal was employed to estimate R using daily rainfall depth
values, a method that has been successfully tested in different countries
like Italy, Spain, Poland or Vietnam, among others (Diodato, 2004;
Lopez-Vicente et al., 2011; Ranzi et al., 2012; Halecki et al., 2018). The
formula used for calculating R is as follows:

1 12 .
R= N Z (7.05 o rainy — 88.92 e days, ) 5)

m=1

where N is the number of years, m is the month, rain;o is the monthly
rainfall >10 mm, and daysjg is the number of days per month with
rainfall >10 mm. Once the calculation of the R factor for each WS was
completed, a map was generated by interpolation, with the technique
Spline (type: Tension, weight = 100). The rainfall erosivity map was
treated as a structural variable with only spatial variability and non-
temporal change. This approach was adopted due to the limited avail-
ability of precipitation data prior to 2015, with records prior to 2003
being unavailable for the three surrounding weather stations. The 9-year
record used is consistent with the minimum requirements of the Euro-
pean literature, where records as short as 5 years have been accepted for
R-factor calculation (Panagos et al., 2015a), although this approach may
underestimate actual sediment yield during years with extreme rainfall
events. Since the same R map was applied consistently to all ten sce-
narios, the relative comparisons between scenarios remain robust.

The topographic (RT, S, A) and edaphic (Kp) inputs were adopted
from the previous study made by Bertocco et al. (2025). A detailed and
accurate land use and land cover (LULC) map was generated for each
scenario by combining information from various sources (Fig. 2),
namely: The Spanish Land Use Information System (SIOSE) with vector
maps corresponding to the years 2005, 2009, 2011, 2014 and 2017; and
the Portuguese Land Use and Occupation Map (COS) with maps for the
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years 1995, 2007, 2010, 2015 and 2018. After combining these data
sources, the linear landscape elements (paved roads, forest trails and
firebreaks) and fire-affected areas where included. This integration of
multiple sources and years allowed for creating detailed and represen-
tative maps, supporting a comprehensive analysis of the temporal dy-
namics. We also generated the map of land uses before Sc1, which was
called scenario zero (Sc0), including 606 polygons and 79 land uses
(Fig. 2a; Supplementary Table 3). ScO presented a landscape dominated
by resident vegetation, with a significant presence of shrubland and
pastures (48% of the total area), complemented by transitional areas
(19%; scattered shrubs and trees) and coniferous forests (12%),
reflecting the natural vegetation before the fires. Natural pastures
covered about 9%, while 7% of the area was covered by sparse vege-
tation (disperse shrubs and herbs). The remaining area (5%) consisted of
rainfed cultivated areas, paved surfaces, and bodies of water (streams).

For all scenarios, the C-RUSLE values were calculated from those
proposed by Panagos et al. (2015a) for European Union countries and by
Marques et al. (2021) specifically for Portugal. For those areas affected
by fires and subjected to vegetation recovery, we used the studies made
by Fernandez-Manso et al. (2016) and Lépez-Vicente et al. (2021) in
burnt Mediterranean areas with vegetation regrowth, to stablish five
temporal ranges: 1-2 years, 3—4 years, 5-7 years, 8-14 years, and 15 or
more years (regenerated to pre-fire vegetation), as detailed in Supple-
mentary Table 4. Therefore, ten maps of land use and land cover were
generated, including all the information of the burnt areas and those
with vegetation recovery.

2.6. Sediment delivery ratio: Spatially distributed approach

The SDR was calculated for the ten scenarios as a function of the
Aggregated Index of Sediment Connectivity (AIC), using the formula
originally proposed by Vigiak et al. (2012):

AICy; — AICi)

SDR; = SDR;ax / 1+ exp( X, (6)

where SDR;,4x is the maximum SDR value for the study area, and AICy
and Kj are calibration parameters. In those basins where records of
sediment yield are available (e.g. from a gauging station), the AICy and
Kp parameters can be adjusted to the specific characteristics of the basin
and for specific rainfall-runoff events (Hamel et al., 2015). As this data
are not available in our study area, we used the default values typically
set in the literature (in Finland (Rasanen et al., 2024), China (Qiao et al.,
2024), Australia (Yang et al., 2024) and Spain (Abebe et al., 2023)):
AICyp = 0.5 and Kp = 2.0.

The SDR 4, mainly depends on the basin size, with values close to 1
for small basins (< 100 km?) affected by heavy soil water erosion
without sedimentation-prone features in the landscape, to 0.80 or 0.70
for large (ca. 100,000 km?) and very large (>1 x 10° km?) basins,
respectively, where intra-basin sedimentation happens due to natural
(geomorphology) and/or anthropogenic (e.g. dams) causes (Lu et al.,
2006). In a previous study done in the same basins of this study, Ber-
tocco et al. (2025) found that the 99 lameiros located in the bottom
valley of the stream network act as sedimentation-prone areas during
most part of the year generating areas of partial dis-connectivity.
Therefore, we set SDRpax = 0.90.

2.7. Current soil erosion and sediment yield

For the most recent scenario (year 2020), sediment yield (SYp; Mg
yr'!) and area specific sediment yield (SSYs; Mg ha™! yr ') were
calculated for the two basins by coupling the RUSLE model of soil loss
(E; Mg ha™! yr™!) and the AIC-SDR approach of sediment transport of
that scenario:

SSYg; = E;-SDR; @]
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Fig. 2. Map of land uses before the 24-year period of study (ScO; see Supplementary Table 3), and evolution (from Scl to Sc10) of the fire-affected areas and those
with vegetation recovery at each scenario. The severity of the fire is included as well as the level of vegetation recovery, the rivers (dark blue lines) and lameiros (blue

polygons). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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N
SYz = ( (Ei oSDRi)>~(25/10000) (8)
i=1

E; = Ry-K;-LS;-C;-P; 9

where N represents the total number of pixels i at each basin B. E; was
calculated following the approach of Renard et al. (1994) as a function
of rainfall erosivity (R; MJ mm / ha h yr), soil erodibility (K; Mg h / MJ
mm), the vegetation and management factor (C; dimensionless, between
0 and 1), the slope length and gradient factor (LS; dimensionless), and
the soil conservation factor (P; dimensionless, between 0 and 1). The
generated map of soil erosion (E;) was corrected by means of removing
the values of E; in those pixels that correspond to the two rivers (with the
same mask previously used for the configuration of AIC). This correction
aimed to avoid the mistake of considering the sediments stored within
the rivers as soil particles from the slopes.

Soil erodibility is a complex property (K)was calculated following
Renard et al., 1997 using soil samples collected in the field (Supple-
mentary Table 5):

K [2.1:107%(12 — OM)M*'* + 3.25(s — 2) + 2.5(p — 3) |

131 1
100 0.1317 (10)

M = (silt + fine sand)*(100 — clay) an

The LS-factor map was generated following the approach of Desmet
and Govers (1996) that is implemented in SAGA GIS 9.7.1 and using the
multiple flow accumulation algorithm. This option was selected as the
appropriate one by the European Soil Data Centre (ESDAC) of the Eu-
ropean Commission (Panagos et al., 2015b). No agricultural terrace
appears in our study area, and lameiros are the only man-made structure
that retains sediments and reduces overland flow velocity. Based on the
characteristic of this unique land use, with dense grass vegetation
covering the whole surface throughout the year, and moderate slope
gradient (11.3% and 13.3% in B.08 and B.13), and on the literature
(Panagos et al. (2015c) made a review study of the different components
of the P-factor for 28 European countries), we proposed a P-factor value
for lameiros equals to 0.853.

2.8. Spatial analysis and role of lameiros on fire propagation, sediment
delivery and soil loss

In order to shed light to the factors that explain the occurrence of
fires, a spatial analysis was done considering four fire parameters
(location and extension of the burnt areas, average fire severity, and fire
recurrence) for each temporal scenario, and six physiographic parame-
ters (elevation, topographic aspect, slope gradient, density of vegeta-
tion, distance to the lameiros, and distance to the trails and firebreaks).
Among these parameters, distance to lameiros was specifically included
to assess the spatial influence of these features on fire occurrence,
severity and recurrence. This cross-spatial analysis was conducted using
GIS tools available in QGIS Desktop 3.40.1. Values of altitude, slope
gradient and vegetation cover density (represented by the C-RUSLE
factor) were classified into ten intervals, whereas slope orientation into
eight classes (N, NE, E, SE, S, SW, W, and NW), and distance to lameiros
and distance to trails and firebreaks into four intervals (5, 20, 50 and
100 m). Regarding fire parameters, occurrence refers to the presence or
absence of fire in each class, indicating whether burned areas were
recorded within that class in each scenario. The extent corresponds to
the average burned area per physiographic class, expressed in hectares.
The severity of the burned areas was estimated using the dNBR index,
considering areas with dNBR values >0.1 as severe. Finally, recurrence
was quantified as the maximum number of times the same area was
affected by fires during the analyzed period.

The evolution in the values of sediment connectivity was done by
mapping the areas with the highest (> percentile 90: P90), lowest (<
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P10) and moderate (> P40 - < P60) values of AIC of the ten scenarios.
This analysis considered each basin independently. Persistent areas with
P10, P40-P60 and P90 values were identified, considering the location of
lameiros and the burnt areas, and the influence of areas with recurrent
fires. For the SDR, the analysis was performed based on mapping its
evolution across the ten scenarios, evaluating the relationship between
SDR patterns, burned areas, and the location of lameiros. A graph was
also prepared to display the mean SDR values obtained in each scenario,
facilitating a quantitative comparison between the results. The values of
soil erosion and SSY obtained for the most recent scenario were evalu-
ated in terms of land uses, in order to identify those areas with very low,
low, moderate, high and very high rates of soil loss taking into account
the value of tolerable soil loss (2 Mg ha™! yr’l; ESDAC, 2020) and the
generally accepted soil formation rates in Europe (1.4 Mg ha™! yr~!;
Verheijen et al., 2009).

The validation of model and indices predictions at ungauged basins is
a complex task with limitations. Swarnkar et al. (2018) determined for a
headwater basin that the uncertainties in soil erosion and sediment
transport and yield estimates with RUSLE and SDR depended on the
uncertainties of inputs, especially on the spatial propagation of the un-
certainties of the C and LS factors. In our study, all inputs were prepared
with detail, compiling data from several rigorous sources in order to
minimize the spatial uncertainties of the information. On the other
hand, the good prediction ability of IC and AIC was demonstrated in
other Mediterranean fire-affected areas where post-fire practices include
the installation of small barriers in the hillslopes or check-dams in the
areas where overland flow is concentrated and sediment transport was
calculated with field measurements (Martinez-Murillo and Lopez-Vice-
nte, 2018; Gonzdlez-Romero et al., 2021). In Portugal, only a small
number of river basins are equipped with monitoring stations capable of
measuring sediment yield or overland flow turbidity. Most existing
stations are instead dedicated to water-quality monitoring, hydro-
metric measurements (e.g., streamflow and water level), and meteo-
rological observations (e.g., precipitation and wind) (data source:
Servico Nacional de Informagao em Recursos Hidricos, https://snirh.apamb
iente.pt/). Therefore, validation of sediment transport and soil erosion
studies with models must be based on geo-spatial tools. Taking into
account that previous studies demonstrated that lameiros act as
sedimentation-prone areas, we evaluated the role played by this feature
in the control of sediment connectivity increase due to fires, by means of
evaluating the change of SDR linked to the fires as a function of the
density of lameiros per sub-basin area. A DEM of Difference (DoD)
approach was additionally attempted using two LiDAR-derived DEMs
from the PNOA programme (2010 and 2021 coverages, source: IGN
Centro de Descargas). However, local differences of up to +24 and — 39
m between the two LiDAR coverages indicated that methodological
differences between acquisitions dominate over any real geomorphic
signal, rendering this approach unviable for validation in this low-
erosion landscape.

3. Results and discussion
3.1. Fire occurrence, recurrence, severity and vegetation dynamics

The total area affected by fires over the 24 years amounts to 15.81
kmz, (49.8% of the surface of the two basins), counting each location
only once regardless of recurrence (Table 3). Recurrence of fires —-two or
more times— during this period happened at the north of each basin and
the north at the meeting of the basins. The spatial analysis yielded the
following results: one fire (13.89 kmz, 43.7% of the study area), two fires
(1.65 krnz, 5.2%), three fires (0.24 kmz, 0.7%) and four fires (0.034 kmz,
0.1%) (Fig. 1d). The burned area per scenario and basin is detailed in
Table 4.

During the first scenario (Scl), the fire-affected areas accounted for
1.02 km?. Regarding the evolution (A) of vegetation (Fig. 2), the change
between SC2 and SC1 (ASC2-1) showed intense human activity
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Table 3
Burned area (km?) per scenario and basin, derived from high-resolution aerial
orthophoto mapping (PNOA series).

Scenario B.08 (km?) B.13 (km?)
Scl 0.83 0.2
Sc2 3.72 1.44
Sc3 1.43 3.15
Sc4 0.21 1.34
Sc5 0.23 0.79
Sc6 0.81 0.06
Sc7 0.01 0.12
Sc8 0 1.88
Sc9 0.76 0.41
Sc10 0.14 0.39

Note: Values represent the burned area mapped in each scenario, including areas
that may have been burned in previous scenarios (recurrent fires).

Table 4
Burn severity classes based on dNBR values (from Key and Benson, 2006) and
assigned C-factor values (based on Panagos et al., 2015a).

Severity level dNBR values C-RUSLE factor

Unburned < 0.1 Assigned for each land use

Low severity 0.1-0.26 0.10
Moderate-low 0.27-0.43 0.20
Moderate-high 0.44-0.65 0.35
High severity > 0.66 0.55

(changes in roads and firebreaks, about 0.31 km?) as well as the largest
loss of vegetation among scenarios (—5.16 km?), mainly on the Portu-
guese side. ASC3-2 presented a moderate vegetation loss of 0.81 km?,
reflecting continued fire occurrence and land management practices. In
ASC4-3, ASC5-4, ASC6-5 and ASC7-6 there was a consistent and
intense human activity (new roads and firebreaks), and natural vege-
tation recovery (without seeding or planting) that counted 4.51, 1.54,
1.02 and 0.86 km?, respectively. ASC7-6 showed a loss of vegetation
(-0.12 kmz), while ASC8-7 showed a greater loss (—1.88 kmz), repre-
senting the second largest loss among the scenarios. In ASC9-8, it
occurred a vegetation loss of 1.17 km?, while vegetation recovery added
1.88 km?. Finally, ASC10-9 showed a vegetation loss of 0.52 km? due to
fires, while vegetation recovery added approximately 1.17 km?. We
observed that subsequent fires did not always occur in the same loca-
tions, allowing previously burned areas to regenerate.

Over the 24-year period, new paths and firebreaks were made in 7 of
the 10 scenarios. These post-fire activities are common in Spain and
Portugal, both to remove burnt wood and to facilitate the prevention
and extinction of future fires (Pastor et al., 2020; Beighley and Hyde,
2018). In three scenarios, the number of patches with vegetation loss
exceeded the number of patches with vegetation gain. As a summary,
16.3 and 15.5 km? lost and gained vegetation, respectively. This fact was
already described by Peris-Llopis et al. (2024) in Mediterranean forests
where recurrence reduced conifers and broadleaves' cover, modifying
vegetation structure, with shrub accumulation that amplified the prob-
ability of fire recurrence. The loss of mature shrub and forest vegetation
entails a severe loss of soil protection against water erosion, much
greater than the gain in protection associated with the recovery of
vegetation. Indeed, Shakesby (2011) -after analyzing many fires in
Mediterranean countries— discussed about the window of disturbance on
sediment yield (SY) caused by fires, with a sharp increment of SY just
after the fire and a mild decline until the ‘background’ SY value is
recovered, and how recurrent fires modify this dynamic in two ways: I)
extending the duration of the window of disturbance of SY over time,
and II) increasing the ‘background’ SY value in the affected area.

Regarding the fires, moderate-low fire severity was the most frequent
in Scl (dNBR = 0.336), Sc2 (dNBR = 0.280) and Sc3 (dNBR = 0.357),
with 4, 14 and 15 separated burnt areas at each scenario. Low fire
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severity prevailed in Sc4 (ANBR = 0.246), Sc5 (dNBR = 0.271) and Sc6
(dNBR = 0.221), with 17, 16 and 7 burnt areas, respectively. In Sc7, fire
severity increased to moderate-low (dNBR = 0.312) with 8 burnt areas.
And then, low fire severity prevailed in Sc8 (dNBR = 0.161), Sc9
(dNBR = 0.233) and Sc10 (dNBR = 0.191), with 15, 10 and 4 burnt
areas, respectively. Overall, low severity was more frequent (six sce-
narios) that moderate-low severity (four scenarios). In the four scenarios
with higher severity (Sc1, Sc2, Sc3 and Sc7), which can have significant
implications for soil erosion, the average burnt surface was 116.72 ha
per scenario and 275.75 ha per polygon (individual burnt area); whereas
during the six low-severity scenarios (Sc4, Sc5, Sc6, Sc8, Sc9 and Sc10),
the average burnt surface was 10.14 ha per scenario and 26.90 ha per
polygon.

The spatial analysis of the physiographic parameters revealed that
the occurrence of fires gradually increases with altitude until the in-
tervals between 812 and 865 m (Fig. 3). The average extent of burned
areas was highest between 839 and 865 m (301 ha), while severity also
increases, peaking in the range between 1027 and 1085 m (dNBR =
0.358). Recurrence showed the highest values above 977 m, with re-
cords of up to 4 fires in elevated areas (from 897 m upwards) where
lower air humidity may occur, with greater exposure to the wind, less
human interference, and a greater accumulation of combustible mate-
rial, as well as making it more challenging to fight the fire initially (Novo
et al., 2020; Fernandez-Garcia and Alonso-Gonzalez, 2023). Although it
does not act in isolation, altitude contributes to the recurrence of fires
when associated with elements such as vegetation, topography, and
human action, which determine fire behavior in Mediterranean envi-
ronments (Barbati et al., 2015; Peris-Llopis et al., 2024). Regarding the
orientation, there was a greater extent of burning in areas facing
southwest (333 ha) and south (242 ha), as well as slightly higher
severity and recurrence values between SE and SW. North-facing areas
showed a smaller affected area and lower recurrence. This pattern can be
explained by the greater solar incidence on the southern and south-
western slopes in the northern hemisphere, which leads to greater
evapotranspiration and, consequently, less moisture in the vegetation
and soil, making them more susceptible to fire ignition and spread
(Shakesby, 2011; Metzen et al., 2019). Orientation also influences the
thermo-hydraulic behavior of the soil, with drying rates, higher on
slopes more exposed to solar radiation, regardless of vegetation cover
(Oorthuis et al., 2020). Areas to the north, with less solar exposure, tend
to maintain greater humidity and have a greater capacity for post-fire
regeneration (Rodrigues et al., 2024).

Fires occurred predominantly in gentle slopes (0-0.6 m/m), with
high severity (ANBR >0.27) in the lower ranges. From 0.6 m/m on-
wards, both the occurrence, extent, and recurrence decreased. This may
be related to the fact that gentle slopes facilitate the spread of fire, while
steeper slopes reduce the accumulation of combustible material and
make it more difficult for flames to advance (Wang and Zhou, 2023).
Vegetation cover, based on the C-factors, also influenced and fires
mainly occurred in areas with very low (0-0.1) or very high (0.9-1) C
values. Areas with low C, such as scrubland and unmanaged forests,
accumulate a large amount of fuel, while high values indicate degraded
land with dry material (Garcia-Llamas et al., 2019; Viedma et al., 2020).
In addition, previously burned areas are more prone to new fires when
recovery is incomplete, or there is recurrence over a short interval,
which reduces the resilience of the vegetation and favours the accu-
mulation of fuel(Gonzalez-De Vega et al., 2016; Fernandez-Garcia et al.,
2020). The distance of fires from the lameiros played a key role in
modulating the fire's spread and intensity. There was a tendency for the
area burned and the severity of the fires to increase with distance from
the lameiros. In areas very close to (0-10 m), the frequency and severity
of fires were extremely low, with average burnt areas of just 4 haata 5m
distance. In contrast, fires became significantly more frequent and se-
vere at further distances (>50 m), reaching an average of 31 ha at 100 m
from the lameiros. These results reinforce the importance of lameiros as a
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analyzed in this study.

landscape element capable of mitigating the effects of fire, acting as
natural barrier to its spread.

The recurrence of fires in lameiros was generally low, with a
maximum of two that was only observed in the class of lameiros in use
with river, where the area burned represented just 0.0165% of the total
area of this class. When considering one fire occurrence, lameiros in use
without river showed the highest proportion of burned areas at 0.0746%
of their total class area, suggesting that the absence of watercourses may
increase vulnerability to fire (Turco et al., 2017; Ruffault et al., 2023).
Despite this, areas near river concentrated a greater absolute burnt area,
possibly due to greater exposure to ignition sources associated with
human presence and management. This pattern, observed in regions of
Turkey and the Mediterranean arc, highlights the significant role of
human activities in fire occurrence (Ganteaume et al., 2013; Elia et al.,
2019). The predominance of intentional causes during the 24-year
period of study (Supplementary Table 2) also reinforces the role of
accessibility as a risk factor.

In abandoned lameiros, the absence of watercourses may have
contributed to greater fire vulnerability, similar to what was observed in
lameiros in use without river, along with the additional aggravating
factor of abandonment. Abandoned lameiros with river had 13.16% of

10

their area burned once, while those without river exhibited more than
double this proportion, with 31.60% of their area burned once. Aban-
donment favours the accumulation of dry biomass, and the lack of water
reduces soil and vegetation moisture, facilitating fire spread even in
areas with lower vegetation density. Dry fuel significantly increases fire
size in Mediterranean areas, and biomass accumulation due to landscape
abandonment intensifies fire spread (Loepfe et al., 2010; Bertomeu et al.,
2022). In abandoned agricultural contexts, these areas accumulate
herbaceous vegetation, becoming more vulnerable to fire spread(Carlos
Silva et al., 2019).

Additionally, the frequency of fires did not vary significantly with
distance from trails and firebreaks, yet areas close to these features
exhibited lower severity and extent of burning. These man-made ele-
ments thus played a dual role: on one hand, acting as physical barriers
and access routes for firefighting, which facilitated fire control and
disrupted vegetation continuity (Wang et al., 2021); on the other hand,
their accessibility increased vulnerability to arson-caused wildfires
(Costafreda-Aumedes et al., 2017).

The evolution of the ten maps of the C factor reflected the changes in
the vegetation cover due to the multiple fires (higher C values), the
progressive vegetation recovery (lower C values) and human activities
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(new or abandoned unpaved forest trails, firebreaks, and paved moun-
tainous road; higher C values) (Fig. 4). As expected, the lowest C values
appeared in the Sc0, before occurrence of fires (Cp s = 0,0456; Cp13 =
0,0543). In the first scenarios (Scl and Sc2), C values increased, asso-
ciated with the greater burnt area, especially in Sc2 (+16.23% ac-
counting the two basins). From Sc3 to Sc6, a stabilization or slight
reduction was observed following the start of vegetation recovery, with
Sc3 (23.9% of the area with 3-4 years of regeneration) and Sc4 (wider
distribution between ranges of 1 to 14 years) standing out. In Sc7 and
Sc8, the C values rose again, owing to the influence of the increase in
urban areas and linear elements, especially in B.13. In Sc9 and Sc10, the
highest C values were observed (Cp g = 0.0684 and Cp13 = 0.1427 in
Sc9; and Cpog = 0.0679 and Cp13 = 0.1473 in Sc10), despite the sig-
nificant presence of vegetation older than 15 years (16.4% and 28.9%,
respectively). This behavior suggested that the influence of the new
fires, urban growth and linear infrastructure, which acted as very
effective areas of sediment transport, outweighed the positive effect of
vegetation regeneration. Overall, a reduction in ground protection took
place in both basins, indicating higher risk of soil erosion by water.

Previous studies confirmed an increase in the C factor immediately
after fires (Santana et al., 2024; Fernandez et al., 2025), corroborating
our initial results (Sc1, Sc2). However, available studies are limited to
specific time windows or isolated factors, comparing only two points in
time (Maxwald et al., 2024), assessing short recovery phases
(Evangelides and Nobajas, 2020); Madoui et al., 2015), or neglecting
anthropogenic activities (Yang et al., 2022), without systematically
tracking temporal evolution over multiple disturbance-recovery cycles.
Our approach integrates ten temporal scenarios, capturing both post-fire
vegetation dynamics and the cumulative impact of human activities at
the basin scale.

3.2. Evolution of sediment connectivity (AIC) and delivery ratio (SDR)
due to the fire dynamic

Extreme classes of connectivity (AIC < P10 and AIC > P90) displayed
localized variations (Fig. 5). High connectivity (P90) areas were iden-
tified in steep slopes, headwaters, and high surface runoff. Low-
connectivity (P10) zones were primarily located in valley bottoms and
low-slope surfaces; coinciding with the lameiros. The areas of interme-
diate connectivity (P40 < AIC < P60), which showed spatial stability,
appeared along transitions between landforms and drainage networks,
and were the most affected by fires, up to four episodes. These zones are
dominated by continuous and shrubby vegetation and lack natural ele-
ments or barriers, such as lameiros, which can ease the occurrence of fire
propagation corridors, linking disturbance regime and sediment
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connectivity (Oliveira et al., 2021; Peris-Llopis et al., 2024).

Those areas with persistent percentiles over the ten scenarios high-
lighted the control of structural connectivity over sediment delivery.
Persistent P90 AIC areas remained in topographically exposed, sloping
areas, and overlapped less with regions of high fire recurrence, indi-
cating a certain degree of soil conservation. This fact may be explained
due to the discontinuous vegetation and microclimatic conditions of
these areas, being less conducive to ignition (Garcia-Llamas et al., 2020;
Viedma et al., 2020).

Persistent P10 AIC zones were found in more stable morphological
compartments, such as embedded valleys and deposition zones. This
spatial persistence demonstrates that landscape configuration directly
controls sediment connectivity, even in man-made modified landscapes.
In summary, fire modulates the intensity and spatial distribution of
sediment transport, but primarily amplifies susceptibility in already
vulnerable areas (Gonzalez-Romero et al., 2021; Clark et al., 2025). This
work is the first to combine continuous sediment connectivity mapping
with specific analysis of recurring fire regimes over a decade. It provides
a new perspective on sediment transport in Mediterranean landscapes
affected by multiple fires.

The spatial patterns of SDR, and the temporal changes among sce-
narios, mirrored those of AIC (Fig. 6). Scenarios with increased fire ac-
tivity (Sc2, Sc3 and Sc7) showed marked rises in SDR, particularly where
steep slopes coincided with high fire severity. In contrast, the most
recent scenarios (Sc9 and Sc10) displayed a more dispersed pattern of
high SDR, indicating gradual vegetation recovery. Over time, SDR pat-
terns shifted from concentrated zones of effective sediment delivery
after fire events to more fragmented distributions during recovery,
reducing sediment transport from sediment sources to channels. In post-
fire basins, slope gradient controls sediment delivery by increasing the
potential for sediment movement downslope after vegetation loss, due
to reduced surface roughness and interception, which favours the for-
mation of more efficient sediment pathways (Gonzalez-Romero et al.,
2021; Follmi et al., 2022). The severity of fires in Sc2, Sc3 and Sc7 was
closely linked to persistent corridors of SDR. Research indicates that
higher fire severity extends periods of elevated sediment transport in
watersheds (Mayor et al., 2007; De Girolamo et al., 2022), with the most
affected areas maintaining sediment delivery-prone conditions for
longer periods (Lopez-Vicente et al., 2021; Alexiou et al., 2024). Hy-
drophobic soil layers induced by fire may contribute to this effect by
increasing runoff and erosion (Mongil-Manso et al., 2024) and factors
such as soil structure, topography, vegetation cover and land manage-
ment also significantly influence sediment transport in Mediterranean
environments (Lopez-Vicente and Ben-Salem, 2019; Llena et al., 2019).

In a first analysis and without considering the dependence of SDR to
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Fig. 4. (a) Percentage of the total area affected by new fires in the two basins, and by vegetation recovery classes (VR: 1-2, 3-4, 5-7, 8-14, >15 years), for each
scenario (SC1-SC10). (b) Mean C-RUSLE values per basin, and total area (ha) occupied by the man-made elements (roads, firebreaks, trails and urban area) for each

scenario and basin.
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Fig. 5. Evolution over the ten scenarios of the spatial location of the areas of AIC corresponding to the percentiles <P10, between P40 and P60, and > P90. Per-

centiles were calculated for each basin and scenario independently.

the upslope drainage area, lameiros (SDRsco1—_10_iameiros = 0.0404 +
0.0069 and 0.0238 + 0.0034 in B.08 and B.13) showed similar SDR
values to those obtained at the basin scale (SDRs.01_10_pasin = 0.-0345 +
0.0026 and 0.0248 + 0.0022 in B.08 and B.13) —in spite of their spatial
location in or next to the stream system- and also similar to the SDR in
the fire affected areas (SDRgc1_10_purne = 0.0360 + 0.0114 and 0.0238

+ 0.0101 in B.08 and B.13), which are located in the hillslopes and
further away to the streams. These values agreed with the complex
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sedimentological behavior of lameiros the act as buffer zones, reducing
the transfer of sediment from adjacent slopes (Bertocco et al., 2025).
This retention function remained evident throughout the time series,
even after episodes of burning in the surrounding areas.

To refine the analysis of the specific role played by fires and lameiros
in the temporal evolution of SDR, the two basins were divided into 756
small sub-basins (SB), which 393 are located in B.08 and 363 in B.13
(Fig. 7a). Over the 24-year study period, 549 sub-basins contained burnt
areas in at least one scenario, while 207 remained unburnt. These SB
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Fig. 6. Maps of SDR calculated for the ten scenarios. The bar graph shows the mean SDR value obtained for each scenario and basin.

were classified into four categories: SB with burnt areas and without
lameiros (SB-I), SB with burnt areas and with lameiros (SB-II), SB without
burnt areas and without lameiros (SB-III), and SB without burnt areas
and with lameiros (SB-IV). The number and spatial location of SB with
burnt areas changed over the ten scenarios (Supplementary Fig. 1). The
effect of the drainage area (A factor in eq. (3)) at each SB was added by
means of calculating the ratio SDR/A. The results indicated that lameiros
played a stabilising role in sediment transport, favouring the resilience
of fluvial sub-basins. Among SB affected by fires, SB-I presented higher
mean SDR/A values (0.00033) compared to SB-III (0.00021), along with
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a greater standard deviation, suggesting higher sensitivity to local
environmental variations, such as slope, soil properties, and fire in-
tensity (Shakesby & Doerr, 2006; Vieira et al., 2018). The approximately
36% reduction in SDR/A in SB-II confirms the capacity of lameiros to
mitigate post-fire erosion effects, acting as regulating elements of sedi-
ment transfer. In unburnt SB, the reduction made by lameiros was only
7%, confirming that their stabilising effect is maintained even in the
absence of disturbances, promoting temporary deposition and limiting
sediment connectivity between hillslopes and channels (Abebe et al.,
2023). These percentages are specific to the AIC configuration used in
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Fig. 7. Map of the 756 sub-basins (SB), and bar plots of the ratio SDR/A in the four types of SB: SB-I, SB-II, SB-III and SB-IV.

this study, where the permanent stream network was chosen as the
computational target (see Section 2.5). The spatial proximity of lameiros
to the stream network means that their buffering effect is maximised in
this configuration, particularly in burnt sub-basins where sediment
pathways from hillslopes to streams are more direct and efficient. Three
complementary factors can explain this marked contrast. First, fire
removes vegetation cover, drastically increasing SDR/A in sub-basins
without lameiros, making lameiros proportionally much more effective
as sediment barriers in post-fire conditions. In unburnt sub-basins,
vegetation already provides natural protection, and SDR/A is naturally
low, reducing the relative contribution of lameiros. Second, lameiros are
located within or adjacent to the permanent stream network, the
computational target of the AIC, meaning their intercepting role is
directly captured in the SDR maps. In burnt sub-basins, the absence of
vegetation amplifies sediment transfer from hillslopes to streams,
further enhancing the measured buffering effect of lameiros. Third,
despite SB-II having a steeper mean slope than SB-I (19.8% vs 16.9%), it
presents lower SDR/A values, demonstrating that lameiros can override
topographic controls on sediment delivery under post-fire conditions.
Additionally, the density of lameiros in each SB was estimated (Supple-
mentary Table 6), providing complementary information on their spatial
distribution and potential influence on SDR/A variability.

The comparison between SB revealed that the presence of lameiros
mitigate or even counteract the effect of topographic gradient on sedi-
ment transport. SB-II presented a lower SDR/A than SB-I, despite having
a steeper slope (5=19.8% vs. S=16.9%), a pattern also observed be-
tween SB-IV and SB-III (5=22.8% vs. S=18.2%). In the absence of

lameiros (SB-I and SB-III), fires increased the variability of sediment
transport potential. However, mean values remained relatively similar
between SB-I and SB-III, with contrasting temporal evolution potentially
associated with different patterns of vegetation loss and recovery, as
well as the spatial location of burnt areas in relation to the hydrographic
system. Overall, these results corroborate Bertocco et al. (2025), who,
when analyzing lameiros over a complete annual cycle, observed a pre-
dominance of sedimentation over transfer, especially during wet pe-
riods. Whilst that study documented this stability under seasonal
variations, the ten scenarios of the present work demonstrate the same
regulatory function under different topographic gradients and fire dis-
turbances, confirming that lameiros act as sediment disconnectivity
zones regardless of the temporal or spatial scale of analysis.

3.3. Role of lameiros in buffering sediment delivery under recurrent fire
regimes

The mean rainfall erosivity was 941.28 and 947.05 MJ mm ha ' h~!
yr‘1 in B.08 and B.13; and at the most recent scenario, year 2020, to
which the latest actual land cover map dates back, the modelled mean
soil erosion was approximately 3.34 and 3.96 Mg ha~! yr~! in B.08 and
B.13 (Fig. 8a). The distribution of soil erosion rates showed distinct
patterns between the two basins. In the very low erosion class (E < 1.4
Mg ha! yr 1), B.08 had 27.7% of its area, while B.13 recorded only
17.5%. For low erosion (1.4 <E < 2Mg ha™! yr’l), both basins showed
low values: 3.6% in B.08 and 4.3% in B.13. In the moderate erosion class
(2 <E <5Mgha!yr1), 17.0% of B.08 and 20.7% of B.13 were
affected. High erosion (5 < E~ < 11 Mg ha~! yr 1) was more pronounced
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Fig. 8. Maps of soil erosion (a) and sediment yield (b) estimated for the year 2020 in the two basins.

in B.13 (27.5%) compared to B.08 (24.6%). Finally, very high erosion
(E” > 11 Mg ha~! yr™1) affected 28.1% of B.08 and 30.1% of B.13. This
comparative analysis reveals that B.08 exhibited a polarised distribu-
tion, with simultaneous dominance of areas with very low and very high
erosion, while the intermediate classes were less represented. In
contrast, B.13 showed a distribution more concentrated in the higher
classes (high and very high erosion), with lower representation of the
lower classes, indicating a landscape with generally higher erosion
vulnerability.

The average erosion rates in B.08 and B.13 were slightly above the
mean values of 2.46 Mg ha~! yr~! in Europe, 2.31 in Portugal, and 3.94
in Spain (ESDAC, 2020). These differences were associated to the effect
of forest fires. According to Panagos et al. (2015), mean erosion rates by
land cover type in Europe are: forests (0.07 Mg ha~! yr1), pastures
(2.02), shrub and herbaceous vegetation (2.69), heterogeneous agri-
cultural areas (4.21), natural grasslands (4.41), and sparsely vegetated
areas (40.16).

The contrasting land cover composition between the basins
explained the differences observed in the distribution of erosion classes.
In B.08, the dominant covers are transitional shrubland (30.8%) and
heaths and moors (33.8%), with sparsely vegetated areas representing
only 3.6% and natural grasslands 3.0%. Sparsely vegetated areas are
concentrated in specific locations (usually rocky outcrops or degraded
zones), creating hotspots of very high erosion (40.16 Mg ha™! yr™1),
explaining the polarised distribution characteristic of this basin.

By contrast, B.13 is dominated by heaths and moors (54.0%), fol-
lowed by natural grasslands (13.3%), sparsely vegetated areas (9.2%),
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and transitional shrubland (only 8.0%). This configuration results in a
landscape more uniformly vulnerable to erosion: the extensive cover of
heaths and moors, combined with the higher proportion of natural
grasslands (4.41 Mg ha™! yr™') and sparsely vegetated areas, explains
the concentration of areas in the high and very high erosion classes.

Lameiros, although occupying only 1.1% of the area in B.08 (E
5.19 Mg ha~! yr™!) and 1.2% in B.13 (E~ = 10.0 Mg ha™! yr 1), play a
strategic role in erosion mitigation because of their hydrological con-
nectivity. Differentiated hydrological connectivity with adjacent cov-
erings of contrasting erosion also contributes (Fryirs, 2013; Baartman
et al,, 2013). Although the processes of soil erosion also affected
lameiros, their strategic position and (dis)connectivity have a dispro-
portionate effect on geomorphological stability. Lameiros act as buffer
zones that intercept and retain sediments from adjacent, more vulner-
able areas. Their role is especially critical in B.13, where the greater
extent of vulnerable covers amplifies sediment production. In both ba-
sins, this role is even more important after recent disturbances such as
wildfires. Burnt areas can cause abrupt increases in soil loss, especially
on steep and unprotected slopes (Noske et al., 2024).

The total sediment yield (SY) estimated with RUSLE-AIC-SDR was
321.9 and 343.6 Mg yr ! in B.08 and B.13, with mean area-specific
sediment yields (SSY) of 0.227 and 0.205 Mg ha™! yr~!, respectively
(Fig. 8b). These relatively low basin-scale SSY are noteworthy when
compared with the typical post-fire behavior observed in other Medi-
terranean regions. For instance, Mastrolonardo et al. (2024) reported
abrupt increases in sediment delivery in southern Italy during the years
immediately following fire events, largely driven by enhanced hydro-
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sedimentary connectivity under post-disturbance conditions. Such in-
creases are controlled by multiple interacting factors that vary tempo-
rally during recovery periods of about two years, including vegetation
regrowth, rainfall intensity, and soil surface conditions (Nunes et al.,
2021). The absence of comparable sediment peaks in our study basins,
despite recurrent fire occurrence, highlights their remarkable resilience.
This resilience can be attributed to the structural disconnectivity pro-
vided by valley-bottom lameiros and the local physiographic configu-
ration, which effectively interrupt sediment transfer pathways and
promote local sediment storage. These patterns are consistent with the
sediment connectivity framework reviewed by Shi et al. (2025), in
which landscape elements that disrupt both structural and functional
connectivity act as effective barriers to sediment transfer, maintaining
basin stability even under recurrent disturbance conditions.

3.4. Current soil erosion and sediment yield and model validation

Due to the lack of gauging stations in the two basins of this study, a
qualitative validation of the results of SSY estimates was done based on
field observations (Supplementary Fig. 2). Our results were consistent
with the absence of visible rills, ephemeral gullies, slope failures,
landslides, or erosional scars in valley bottoms. The physiography of our
study area is unique: minimal agricultural area, along with very little
livestock activity, and the presence of lameiros, strategically located in
valley bottoms along rivers and main watercourses. These conditions
occur in very few regions of Spain, Portugal and other countries, limiting
direct comparisons. Our results are consistent with the low soil loss
values reported in nearby regions of Galicia (NW Spain; Miras-Avalos
et al., 2009) and northern Portugal (de Figueiredo et al., 2012) with
comparable physiography and land use, supporting the reliability of the
model outputs. Regarding the limitations of this study, the SDR cali-
bration parameters were set to default literature values due to the
absence of gauging stations, which may introduce uncertainty in the
absolute SSY estimates, though not in the relative temporal compari-
sons. The rainfall erosivity factor (R) was treated as a structural variable
with no temporal variation, which may underestimate actual sediment
yield during years with extreme rainfall events. Finally, the study fo-
cuses on two relatively small transboundary headwater basins with a
specific physiographic context, which should be considered when
extrapolating results to other landscapes.

3.5. Soil conservation recommendations

Based on these results, soil conservation in these and similar Medi-
terranean mountain basins should prioritize the active maintenance of
lameiros currently in use and the restoration of those abandoned,
particularly in B.13, where erosion vulnerability is higher, following the
approach initiated by the HabMonte project (ICNF, 2020). Active
practices of preservation and restoration of lameiros can be framed as
nature-based, cost-effective solutions (International Union for Conser-
vation of Nature — IUCN, 2020), since restoring natural hydrological
regimes in fire-prone landscapes has been identified as an effective
approach to increase ecosystem resilience (Munoz-Rojas et al., 2023;
Lecina-Diaz et al., 2023). Restoration efforts should focus especially on
lameiros located within 20 m of the stream network, as these show the
strongest buffering effect on SDR. Additionally, the construction of new
linear infrastructure near lameiros should be minimised, as such infra-
structure increases sediment connectivity.

4. Conclusions

This study demonstrates that lameiros are crucial components for
maintaining hydrosedimentary stability in headwater basins affected by
recurrent fires. The results' spatial analysis of ten temporal scenarios,
covering 24 years and multiple forest fires, proves that lameiros clearly
reduce fire severity and recurrence, consistently acting as natural
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barriers to the spread of flames. Lameiros also effectively disconnect
sediment flow. Sub-basins with lameiros maintain lower sediment de-
livery ratios, even during severe disturbance or challenging topography
(steep slopes). This stabilising effect remains present in all scenarios,
reducing post-fire variability and limiting sediment transfer to the
drainage network. In contrast, areas without lameiros were more con-
nected and experienced higher, more intense peaks of sediment delivery.
Current soil erosion and sediment yields in the two paired basins with
lameiros stay low despite recurrent disturbance, emphasizing the pro-
tective role of lameiros. To strengthen the resilience of Mediterranean
mountain landscapes as fire pressure increases under climate change
scenarios, it is essential for stakeholders, policymakers, and land man-
agers to prioritize active practices of preservation, maintenance and
restoration of lameiros, particularly those currently abandoned, as
nature-based, cost-effective solutions, that support targeted conserva-
tion actions and effective management strategies. Despite the inherent
limitations of modelling sediment transport in ungauged basins, the
consistent application of the RUSLE-AIC-SDR framework across all ten
scenarios ensures robust spatiotemporal comparisons, and field obser-
vations and regional literature support the results. Further research with
drones will include monitoring of high resolution changes of topography
in those areas expected to suffer net soil loss or deposition.
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