Impacts of wildfire and post-fire land
management on hydrological and
sediment processes in a humid
Mediterranean headwater catchment

Running title: Wildfire impacts on a Mediterranean catchment
Jodo Pedro Nunes?*

Léonard Bernard-Jannin®?

Maria Luz Rodriguez-Blanco®3#

Anne-Karine Boulet*®

Juliana Marisa Santos?

Jan Jacob Keizer?

1) CE3C: Centre for Ecology, Evolution and Environmental Changes, Faculdade de Ciéncias, Universidade de Lisboa,
Portugal

2) CESAM & Dept. Environment and Planning, University of Aveiro, Portugal

3) CICA: Centre for Advanced Scientific Research, Faculty of Sciences, University of A Corufia, Spain

4) Department of History, Art and Geography, University of Vigo, Spain

5) CERNAS: Research Centre for Natural Resources, Environment and Society, College of Agriculture, Polytechnic Institute
of Coimbra, Portugal

* Corresponding author: jpcnunes@fc.ul.pt

This is the peer reviewed version of the following article:

Nunes JP, Bernard-Jannin L, Rodriguez-Blanco ML, Boulet A-K, Santos JM, Keizer JJ. 2020. Impacts of
wildfire and post-fire land management on hydrological and sediment processes in a humid
Mediterranean headwater catchment. Hydrological Processes, DOI: 10.1002/hyp.13926.

which has been published in final form at http://dx.doi.org/10.1002/hyp.13926. This article may be
used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-

Archived Versions.


mailto:jpcnunes@fc.ul.pt
http://dx.doi.org/10.1002/hyp.13926

Graphical Table of Contents

Impacts of wildfire and post-fire land management on
hydrological and sediment processes in a humid
Mediterranean headwater catchment

Jodo Pedro Nunes*, Léonard Bernard-Jannin, Maria Luz Rodriguez-Blanco, Anne-Karine Boulet,
Juliana Marisa Santos, Jan Jacob Keizer

e Hydrological and sediment data was collected before and after a small wildfire in a small
Mediterranean agroforestry catchment.

e Erosion was high in the burnt area when compared with croplands, especially where it was
plowed for tree replanting.

e Sediment export increased, with a time lag after erosion, and most sediments came from
the burnt area despite its small size.
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Impacts of wildfire and post-fire land
management on hydrological and
sediment processes in a humid
Mediterranean headwater catchment

Jodo Pedro Nunes, Léonard Bernard-Jannin, Maria Luz Rodriguez-Blanco, Anne-Karine
Boulet, Juliana Marisa Santos, Jan Jacob Keizer

Abstract

The extensive afforestation of the Mediterranean rim of Europe in recent decades has increased the
number of wildfire disturbances on hydrological and sediment processes, but the impacts on
headwater catchments is still poorly understood, especially when compared with the previous
agricultural landscape. This work monitored an agroforestry catchment in the north-western Iberian
Peninsula, with plantation forests mixed with traditional agriculture using soil conservation practices,
for one year before the fire and for three years afterwards, during which period the burnt area was
plowed and reforested. During this period, continuous data was collected for meteorology,
streamflow and sediment concentration at the outlet, erosion features were mapped and measured
after major rainfall events, and channel sediment dynamics were monitored downstream from the
agricultural and the burnt forest area. Data from 202 rainfall events with over 10 mm was analysed in
detail.

Results show that the fire led to a notable impact on sediment processes during the first two post-fire
years, but not on streamflow processes; this despite the small size of the burnt area (10% of the
catchment) and the occurrence of a severe drought in the first year after the fire. During this period,
soil loss at the burnt forest slopes was much larger than that at most traditionally managed fields, and,
ultimately, led to sediment exhaustion. At the catchment scale, storm characteristics were the
dominant factor behind streamflow and sediment yield both before and after the fire. However, the
data indicated a shift from detachment-limited sediment yield before the fire, to transport-limited
sediment yield afterwards, with important increases in streamflow sediment concentration. This
indicates that even small fires can temporarily change sediment processes in agroforestry catchments,
with potential negative consequences for downstream water quality.

Keywords
Wildfire, post-fire management, hydrological response, sediment processes, Mediterranean,
headwater catchment



1. Introduction

In the last century, extensive land abandonment in the Mediterranean rim of Europe has led to a large
increase in forested and natural areas (Pausas et al., 2008). However, the benefits of this afforestation
for ecosystem services remain uncertain, as poor Mediterranean soils limit tree root development,
and recurring disturbances (such as wildfires or forestry management) promote runoff and erosion
(Pausas et al., 2008; Porto et al., 2009; Shakesby, 2011; Hawtree et al., 2015). There is therefore a
need to further understand the impact of afforestation in this region, especially considering that
climate change might have further impacts on the sustainability of Mediterranean forests and natural
areas (Kovats et al., 2015) with potential consequences for hydrological processes and ecosystem
services (e.g. Simonneaux et al., 2015; Carvalho-Santos et al., 2016; Rodriguez-Lloveras et al., 2016).

One of the main problems associated with this afforestation has been the increase in the number and
extent of wildfire disturbances, which can negate the soil protection and regulation of water flow and
quality that forests usually provide (Pausas et al., 2008; Shakesby, 2011; Carvalho-Santos et al., 2014).
Runoff and soil erosion are commonly enhanced by wildfires, due to changes in vegetation cover and
soil properties (Moody et al., 2013) and an increase in hydrological and sediment connectivity
(Keesstra et al., 2018); exported sediments and ashes can negatively impact aquatic ecosystems
(Verkaik et al., 2013) and water resources (Nunes et al., 2018b). While there has been much research
on these impacts in several fire-affected regions of the globe (Moody et al., 2013), there are important
differences in the main processes in each geographical region, and therefore erosion processes in
Mediterranean burnt areas require a distinct research effort (Shakesby, 2011).

The north-western part of the Iberian Peninsula is an interesting case-study for this phenomenon due
to the large scale of afforestation during the 20™" century with fast-growing species such as maritime
pines and eucalypts (Pereira et al., 2009; Jones et al., 2011). The plantation of eucalypts led to an
unexpected increase of streamflow irregularity, possibly linked with soil water repellency (Nunes et
al., 2011; Ferreira et al., 2015b; Hawtree et al., 2015). However, the excellent climatic conditions of
the humid Mediterranean climate led to biomass growth which, combined with human desertification
and poor forest management, created conditions propitious for large and recurrent wildfires (Moreira
et al., 2001; Nunes and Lourencgo, 2017). These wildfires often led to severe land degradation on poor
forest soils (Ferreira et al., 2008, 2015a), as has been observed for plots (Malvar et al., 2016; Prats et
al., 2016; Keizer et al., 2018) and swales (Prats et al., 2019); these impacts may be compounded by
post-fire forestry operations (Martins et al., 2013; Malvar et al., 2017). The fire-induced increase in
sediment connectivity can to lead to impacts at the catchment scale (Fernandez et al., 2020), but the
lack of catchment-scale data has hampered their quantification (Ferreira et al., 2008; Keizer et al.,
2015; Van Eck et al., 2016).

This quantification requires direct comparison between burnt and unburnt forest catchment
conditions (either paired, or before-and-after fires), to understand the factors controlling runoff,
erosion and sediment yield variability in burnt areas. The study of headwater catchments has been
widely used to better understand these processes (Smetanova et al., 2018), especially through an
analysis at the rainfall event scale, which allows the identification of the drivers for runoff generation,
erosion and sediment yield, and how these interact between each other (Rodriguez-Blanco et al.,
2010; Giménez et al., 2012; Merheb et al., 2016; Keesstra et al., 2019). Such an event-based analysis
has also been successfully used to understand hydrological and sediment processes in burnt
headwater catchments (Mayor et al., 2007; Moody et al., 2013; Brogan et al., 2019). However, in the
Mediterranean region only a few catchment-scale studies comparing burnt and unburnt conditions
have been conducted (Lavabre et al., 1993; Lavabre and Martin, 1997; Mayor et al., 2007; Stoof et al.,
2012; Wu et al., 2020). Studies that compare burnt forest catchments with pre-afforestation
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agricultural catchments have not been published so far, hampering the understanding of the
hydrological and erosion impacts of afforestation (and subsequent forest fires).

This knowledge gap is addressed here by presenting and analysing four years of hydrological and
sediment concentration and yield data collected in a headwater catchment in north-central Portugal,
where commercial forestry still coexists with traditional agricultural areas. A fire at the end of the first
measurement year burned c. 10% of the catchment area, and therefore the present data set includes
pre- and post-fire conditions, as well as post-fire forestry operations characteristic of this area.

2. Material and Methods

2.1. Study area

Macieira de Alcbba is a 94.4 ha headwater catchment in the Caramulo mountain range, north-central
Portugal (Figure 1). It is part of the Agueda watershed which is located in the north-western Iberia
pyro-region in terms of fire regime (Calheiros et al., 2020), and the western Mediterranean region in
terms of hydrological and erosion response (Pefia-Angulo et al., 2019). The climate of the Caramulo is
humid Mediterranean and shows a strong topographic gradient for temperature and rainfall. The
mean annual rainfall (2002-2015, measured in the nearby village of Pousadas) is 1850 mm.y?, with a
strong inter-annual variability ranging from 1112 to 2793 mm.y’. The mean annual temperature is
14.4°C and the Penman-Monteith annual potential evapotranspiration is 1240 mm.y™. There is a
strong seasonal contrast: 73% of rainfall falls in a wet season in autumn and winter (lowest
temperature of 8.9°C in January), whereas the dry season in spring and summer has 74% of the
evapotranspiration demands (highest temperature of 20.6°C in August).
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Figure 1. Measuring points overlaying a) altitude and hillshade, and b) land use; c) location of the Macieira de
Alcbba catchment; and d) catchment overview picture, taken from the SE to the NW and centred in the burnt
area (before the fire).



The elevation of the catchment ranges from 441 to 620 m a.s.l. and its average slope is 16%. The
catchment is relatively compact (Figure 1a), with a Gravelius coefficient of 1.25 (Bendjoudi and Hubert,
2002); and the concentration time (Chow et al., 1988) is estimated at 30-40 min. The stream network
consists of 2.3 Km of mostly stone-walled channels, with a mean channel slope of 11.2% and a
drainage density of 2.4 km.km™. Soils are generally shallow, ranging in depth from 0.2 m on the
forested hill slopes to more than 2 m in the agricultural fields of the valley bottom. The main soil types
are Leptosols and Cambisols (IUSS Working Group WRB, 2015) developed over schist and granite
bedrocks, and characterized by a sandy-loam to loamy texture with, in the agricultural areas, a high
saturated hydraulic conductivity of about 30-40 mm.h (Nunes et al., 2018a).

The present-day land cover of the catchment mainly consists of a mixture of forest (60%) and
agricultural fields (35%) but includes the developed area of the Macieira de Alcoba village (Figure 1).
The forests occupy the upper, hilly part of the catchment, and consist of plantations of eucalypts and
maritime pines in about equal proportions, which is representative of the afforestation that took over
most of the Agueda watershed since the 1930s (Hawtree et al., 2015). Agricultural fields occupy the
lower, central part, and are typically small and often delimited by terraces and grass strips; they
represent the traditional agriculture that existed throughout the Agueda watershed before
afforestation (Nunes et al., 2018a). Roughly two thirds of the agricultural fields are covered by
permanent pasture, and the remainder have a rotation of pasture in winter and corn in summer, with
irrigation throughout the year through a complex canal network covering the entire area. Rotation
plots are plowed with a mouldboard in early autumn before pasture seeding, leaving them uncovered
and vulnerable to erosion during autumn and early winter, until pasture growth is sufficient to cover
the soil (Nunes et al., 2018a); afterwards, growth continues throughout the wet season and pasture
is harvested several times but not grazed. The final harvest is done in late spring, when the plot is
again plowed in preparation for corn seeding.

A wildfire occurred in the study area in August 11 2011, burning 7.8 ha of mostly eucalypt plantations
in the north-western corner of the catchment (Figure 1, Figure 2) with moderate to severe burn
severity as assessed from burnt vegetation and the soil organic layer (Figure 2a and e) following Keeley
(2009). These wildfires are common in the region, and parts of the Macieira catchment have previously
burned in 1969, 1986 and 1991 (Ferreira, 1997). As is common practice, the burnt area was then
logged during the next few months using chainsaws; most of the burnt canopy was cut and removed
with tractors which left some skid trails. In early 2012, most of the burnt eucalypt area (about 80%)
was replanted with eucalypts, while most of the burnt pine area (about 20%) was rip-plowed using a
chisel plow and replanted with oaks, leaving little ground cover (Figure 1, Figure 2b and f). While soil
water repellency was not measured, it is common in both unburnt and burnt forest stands in this
region during dry periods (Nunes et al., 2016).

The Agueda region has a large body of research since the 1980s. This includes work on forest hydrology
(Leighton-Boyce et al., 2005, 2007; Boulet et al., 2015; Hawtree et al., 2015; Santos et al., 2016), the
impacts of fires on hydrological and erosion processes (Shakesby et al., 1996; Ferreira, 1997; Ferreira
et al., 2008; Hausler et al., 2018), hydrological modelling (Tavares Wahren et al., 2016; Nunes et al.,
2018c; Pastor et al., 2019), and some research on agricultural hydrology (Nunes et al., 2018a).



Figure 2. Images of the Macieira de Alcdba watershed: overview of the burnt area a) immediately after the fire
(September 2011), b) after plowing and replanting (April 2012), c) one year after replanting (April 2013) and d)
in the post-fire recovery period (December 2013); and hillslope images for similar conditions, i.e. e)
immediately after the fire (August 2011), f) after plowing and replanting (April 2012), g) one year after
replanting (February 2013) and h) in the post-fire recovery period (May 2013).

2.2. Data collection
Hydrological and soil erosion processes in the Macieira de Alc6ba catchment were monitored between
November 9 2010 and September 18 2014, comprising almost four entire hydrological years (which
begin at the onset of the wet season, on October 1). A parallel study was conducted in an experimental
agricultural plot (Figure 1a and b) between November 2010 and May 2012, measuring soil moisture,
vegetation height, surface runoff and sediment yield; the results are reported by Nunes et al. (2018a).

An automated meteorological station was installed in the catchment to record rainfall at 0.2 mm
increments, compared with a nearby rainfall totalizer each 1-2 weeks. Intensity-Duration-Frequency
curves were calculated by interpolating the parameters from the 3 closest raingauges (Branddo et al.,
2001); they were then used to calculate the return period of each event (Koutsoyiannis et al., 1998).
At the catchment outlet, water level was recorded at 2 min intervals using a pressure probe (CS450,
Campbell Scientific) and stream discharge was then computed with the stage-discharge curve derived
from 46 discharge measurements (r? = 0.92), made each 1-2 weeks or during streamflow events with
a current meter. Turbidity was recorded simultaneously (starting 3 weeks after streamflow, in
November 29) with an optical sensor (OBS-3+, Campbell Scientific), filtered to remove the effects of
air bubbles and algae accumulation as described in the manual. Sediment concentration was
calculated from turbidity using a laboratory calibration as described in the manual, using 6 sediment
samples from the channel to test a range of 65 different concentrations (r? = 0.98); this approach is
useful when logistical constraints limit taking samples during events, as it is important to ensure that
a wide range of turbidity-concentration pairs are assessed (Rasmussen et al., 2009). A 2-min time-
series of streamflow and sediment concentration was therefore available for most of the period;



battery problems led to data gaps in 2014: 13 days in spring (April) and 31 days in summer (late June
and July), leading to the loss of data for, respectively, 3 and 4 rainfall events with more than 10 mm.

Erosion features were mapped and characterized at the scale of individual fields by repeated surveys
across the entire catchment, following the methodology proposed by Rodriguez-Blanco et al. (2013).
This was done after large rainfall events and took place at 9 occasions between November 2011 and
January 2014. Rills were identified and soil loss was quantified from the volume of eroded sediments
(based on measurements of cross-sectional area every 1-2 meters, except in the burnt areas after
2013, where they were done every 5 meters) and their bulk density (based on in-situ samples). After
March 2013, rills in the burnt area had merged to the extent that they could no longer be surveyed
individually, and surface cover continued to be low (Figure 2g). Images of the rills are available as
supplementary material.

Sediment dynamics within the channel network were monitored by means of vertical measuring scales
at two locations in the permanent streams (S1 and S2 in Figure 1b). Scale S1 was located downstream
of a mostly forested area where the 2011 fire occurred (drained area of 23 ha), while scale S2 was
located downstream of an area of around 45 ha of which 1/3™ was agricultural fields including those
croplands where the bulk of rilling were observed. The measuring scales were installed at a single
point on the channel, and sediment accumulation near the scale was monitored after large events.

Vegetation dynamics were characterized using 34 USGS Landsat-5, 7 and 8 images collected for the
study period, with several images for most seasons. Images were radiometrically corrected and the
Normalized Differential Vegetation Index (NDVI) was calculated following Van Eck et al. (2016); while
the index measures vegetation greenness, it is also indicative of both canopy and ground vegetation
cover in burnt areas. A Savitzky-Golay filter (Chen et al., 2004) was used to reconstruct a daily NDVI
time series for the entire sampling period, also smoothing the impact of different image acquisition
characteristics in the process.

2.3. Data analysis

Hydrological and sediment transport processes were first analysed for the entire time series,
comparing daily rainfall, streamflow and sediment yield, with the data collected after major events
for hillslope erosion and sediment accumulation in streams. An in-depth analysis was then performed
for the catchment-scale data for the individual rainfall events with over 10 mm rainfall, separated by
rainless periods of at least 3 hours. Each rainfall event was then linked to a single storm event, for
which streamflow was separated into stormflow and baseflow using a digital filter method (Arnold et
al., 1995), and the start and end of the stormflow were used to define the individual storm events.
The event-based analysis focused on variables related to rainfall, streamflow, sediment yield and
vegetation cover listed in the second column of Table 1. These were selected from a larger set,
excluding one or more highly correlated variables (Table 1, fourth column). The relationship between
the initial variables was assessed using Pearson correlation coefficients, Principal Component Analysis
(PCA), and scatterplots, using the R software (Everitt and Hothorn, 2011). The seven largest storm
events were selected for a comparison of hyetographs, hydrographs and sedigraphs, and an
assessment of sediment sources through the analysis of hysteresis loops in streamflow vs. sediment
concentration relationships (Rodriguez-Blanco et al., 2010; Lloyd et al., 2016; Keesstra et al., 2019).
Hysteresis was also quantified for all storms using the index described by Lloyd et al. (2016).



Table 1. Variables included in and excluded from the event-based analysis.

Related variables, excluded from the event-based

Group Name Description analysis
Rainfall PPtot Total rainfall
PPI30 Peak 30min rainfall intensity Total rainfall intensity, peak 5 min rainfall intensity
PPtime Rainfall duration
PPant Antecedent Precipitation Index® Antecedent precipitation for 1 day, 2 days, and so on
until 10 days
Streamflow  Qtot Total streamflow
Qi Initial streamflow
Qmax Peak 2min streamflow Peak 15min streamflow, peak 2min stormflow
Qbase Baseflow fraction (of streamflow) Baseflow, stormflow
Q/PP Stormflow generation ratio (fraction of  Streamflow generation ratio
rainfall)
Qtime Time to peak streamflow Stormflow duration, time to stormflow start
Sediment Syield Sediment yield
Shyst Sediment-Streamflow Hysteresis Index?
Sconc Sediment concentration Peak sediment concentration, sediment concentration
in stormflow
Vegetation Vfire NDVI difference between burnt and
unburnt areas
Vagri NDVI in agricultural areas

(corn/pasture rotation)
a) Koehler and Linsley (1951)
b) Lloyd et al. (2016)

3. Results

3.1. Catchment hydrological and erosion response

Figure 3 gives an overview of all variables measured for the Macieira de Alcoba catchment during the
study period. Figure 3a shows the differences between NDVI values in burnt and unburnt forest areas.
In 2010/11 (the first hydrological year) the values were very similar, corresponding to pre-fire
conditions. 2011/12 showed the greatest differences due to fire and post-fire forestry operations.
2012/13 showed small differences corresponding to partial recovery, and 2013/14 showed virtually
no differences, indicating full recovery. However, while vegetation recovery in the burnt eucalypt area
was due to fast tree growth (Figure 2c and d), recovery in the burnt and plowed area was mainly due
to shrubs, as trees (both oaks and pines) were still in their initial growth stages and had small canopies
(Figure 2h). Vegetation cover in crop fields mostly showed a spring peak for pasture and a summer
peak for corn, typical for this area (Nunes et al., 2018a).

There were marked rainfall differences between these years, as shown in Table 2. While rainfall in the
pre-fire hydrological year was average, the first post-fire year was characterized by a prolonged and
severe drought event, as shown by the very low streamflow, also explaining the low sediment yield.
However, both the second and third post-fire years were wetter than the previous years, with similarly
high values of rainfall and streamflow; this was due to a combination of more rain days with a small
number of days with a very high rainfall (Figure 3b) . In contrast, these two years differed markedly in
sediment yield, which in the second post-fire year was about 3 times higher than in the third. This
peak in post-fire sediment yield was almost nine times higher than the pre-fire sediment yield.
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Figure 3. Overview of measurements in Macieira de Alcoba: a) vegetation cover (NDVI), both from the original
satellite and the Savitsky-Golay Interpolation (SGI); b) daily rainfall, calculated from 0.2m breakpoint data; c)
daily streamflow and sediment yield at the outlet, calculated from 2min continuous measurements; d) erosion
measured after major events (per catchment area) compared with the cumulative daily sediment yield at the
outlet (also calculated from 2 min measurement); and e) sediment accumulation in the stream bed measured
after major events, for the points shown in Figure 1 (note the separate Y-axes). The top of the figure also
indicates the hydrological years, and the dates of occurrence of the fire and the burnt area plowing. Instrument
location is shown in Figure 1.

Figure 3b and c show daily rainfall, streamflow and sediment yield. Despite the relatively high annual
rainfall rates in the region, it still presented a clear seasonal pattern divided into a wet and dry season.
Streamflow response tended to follow rainfall patterns, also with a wet and dry season, except during
the first post-fire year (2011/12). Probably due to the abnormally dry catchment conditions,
streamflow response was very low even following days with more than 50 mm of rainfall. The
occurrence of sediment yield followed that of streamflow, but with a stronger response in the second
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post-fire year (2012/13) than in the pre-fire year (2010/11) or the third post-fire year (2013/14). Daily
peaks in sediment yields occurred throughout the wet season of the second post-fire year, while
during the pre-fire and third post-fire year they only occurred at the start of the wet season.

Table 2. Annual rainfall, streamflow and sediment yield for the measuring period; and characteristics (median
and interquartile range) of important rainfall events (rainfall above 10 mm) for the variables listed in Table 1,
per measurement year. Variable names are described in Table 1.

2010/11° 2011/12 2012/13 2013/14b
pre-fire post-fire (disturbed) post-fire (disturbed) post-fire (recovered)
Annual totals:

Rainfall (mm) 1616 1277 2374 2737

Streamflow (mm) 834 257 1523 1575

Streamflow / Rainfall 0.52 0.20 0.64 0.58

Sediment Yield (ton.ha?) 0.05 0.01 0.43 0.14

SY / Rainfall (kg.hat.mm-) 0.03 0.01 0.18 0.05

No. rainfall events > 10 mm¢ 34 40 55 73

Event medians and interquartile ranges:

PPtot (mm) 22 24 21 21
(14 to 34) (14 to 36) (16 to 36) (14 to 41)
PPI30 (mm.h1) 11 10 9 9
(7 to 15) (6 to 15) (6 to 13) (6to 13)
PPtime (hr) 9 11 11 12
(6 to 14) (8to 18) (7 to 18) (8to 19)
PPant 20 24 23 32
(9to 37) (6 to 35) (13 to 60) (11to 73)
Qtot (mm) 6 1 3 7
(1to11) (0to 2) (1to 19) (2to0 18)
Qi (L.s?) 31 6 37 32
(6 to 59) (1to 8) (3to 83) (9to 117)
Qmax (L.s) 90 11 70 114
(16 to 179) (3to029) (11 to 260) (22 to 301)
Qbase 76% 70% 79% 81%
(65 to 82%) (66 to 79%) (64 to 89%) (71 to 87%)
Q/PP 5% 1% 4% 6%
(1 to 10%) (0to 2%) (1 to 9%) (2 to 11%)
Qtime (hr) 7 10 8 7
(4 to 14) (6 to 16) (6 to 15) (6 to 14)
Syield (ton.ha) 0.0001 0 0.0001 0.0001
(0 to 0.0005) (0 to 0.00003) (0 to 0.0023) (0 to 0.0007)
Shyst 0 0.03 0.03 0.09
(0t00.11) (0t0 0.09) (0t0 0.17) (0t00.17)
Sconc (g.L?) 0.001 0.0001 0.005 0.002
(0 to 0.003) (0 to 0.002) (0.001 to 0.014) (0.000 to 0.005)
Vfire -0.04 0.35 0.12 0.04
(-0.05 to -0.04) (0.27 t0 0.38) (0.09t0 0.17) (0.03 to 0.05)
Vagri 0.62 0.61 0.69 0.71
(0.59 to 0.69) (0.59 to 0.68) (0.68 t0 0.71) (0.67 t0 0.72)

a) Streamflow and sediment yield data are missing for the start of the hydrological year (October 2010)
b) Streamflow and sediment yield data have gaps in spring and summer 2014
c) Some events were not recorded for the periods without streamflow and sediment yield data in 2010 and 2014
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3.2. Sediment mobilization on hillslopes and within the stream network
Within the catchment, rills were limited to two cultivated fields and the recently burnt forest area, as
listed in Table 3 and shown in Figure 1. The two fields are part of the small area cultivated with corn
and temporary pasture on the upper slopes in the catchment (the rest is forested), are not terraced,
show a stronger slope than other fields, and are located in flow accumulation pathways. Evidence of
sheet erosion and sediment deposition was observed in several other fields but was not measured.

Table 3. Rill erosion rate for individual measuring dates, relative to both the entire catchment area, and the
affected fields and burnt slopes only (as shown in Figure 1b).

Erosion (ton.ha!)

Area A (burnt) Areas B+C (agriculture) Area B Area C
Measuring Catchment Affected area Catchment Affected area  Affected area
date (94.4 ha) (5.8 ha) (94.4 ha) (0.3 ha) (0.2 ha)
15/11/2011 0.000 0.0 0.006 2.0 0.0
20/12/2011 0.000 0.0 0.001 0.3 0.0
01/03/2012 0.000 0.0 0.000 0.0 0.0
31/05/2012 0.234 3.8 0.000 0.0 0.0
29/11/2012 No apparent changes 0.003 11 0.0
18/12/2012 No apparent changes 0.001 0.3 0.0
17/01/2013 0.181 10.22 0.000 0.0 0.0
14/02/2013 0.220 12.42 0.000 0.0 0.0
20/12/2013 Not measured 0.003 1.0 0.0
03/01/2014 Not measured 0.070 17.0 5.5

a) Plowed area only (1.7 ha).

The timing of hillslope erosion was different in the burnt area and cultivated fields (Table 3). On the
cultivated fields, rills were observed each year between November and January, at the start of the
winter pasture rotation cycle, when vegetation cover was low; this same temporal pattern was
observed for interrill erosion in the runoff plot (Nunes et al., 2018a). Here, rill width and depth ranged
between 0.07 to 0.79 m and 0.03 to 0.12 m respectively, with the ones in 03/01/2014 being much
wider but not deeper.

By contrast, in the burnt area, rills were first observed in May 2012 on all slopes, after logging and
replanting. The rills located in the plowed part of the burnt area lengthened in January and February
2013 (Figure 1b). Rills were shallow, with width between 0.32 to 0.72 m and depth between 0.15 to
0.27 m, due to the presence of a less erodible soil layer underneath. After February 2013, individual
rills could no longer be distinguished and, hence, measured due to their merging and collapsing walls,
indicating exhaustion of the easily erodible topsoil layer (Figure 2g). By May 2013, vegetation recovery
in this area was well apparent, likely preventing further rill development (Figure 2 h).

Furthermore, the timing of rill erosion in the burnt area was not completely coincident with that of
the main sediment yield events, as shown in Figure 3d. Despite the appearance of rills in the burnt
area in the first year after the fire (2011/12), very little sediment yield was observed, probably due to
the severe drought limiting the connectivity of the burnt slopes with the stream. In the second post-
fire year (2012/13) rill development in the burnt and plowed area coincided with the first two
sediment yield events; rill development probably also occurred during the third event (as rill merging
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was observed) but was not measured. In the recovered year (2013/14), rills in the crop fields coincided
with sediment yield, while rill development in the burnt area was likely prevented by sediment
exhaustion and vegetation cover. It should be noted that, while rills were not measured in the pre-fire
year (2010/11), Nunes et al. (2018a) observed rill formation in the agricultural runoff plot at the same
time of the sediment yield event of December 6.

The total amount of erosion produced by rills over the entire study period (0.72 ton.ha) was similar
to the cumulative sediment yield (0.63 ton.ha™). The bulk (88%) was associated with the burnt area
due to its greater extent, even if cumulative rill erosion rates during the study period were of similar
magnitude in both areas: rill erosion in the burnt areas was 10 ton.ha when considering the entire
area and 26 ton.ha for the plowed area only, while in crop fields it was 22 and 6 ton.ha™, for fields B
and C respectively (Table 3 and Figure 1).

Figure 3e shows the sediment accumulation as measured by the vertical scales in the two channel
sections. Scale S2, downstream from the eroded crop fields B and C, showed an initial accumulation
in late 2010, possibly an artefact of sediment disturbance during installation; and a relative stability
afterwards. By contrast, scale S1, downstream from the burnt area, showed little variation until the
fire occurred. There was a small change in sediment just after the fire despite little rainfall and
stormflow, which might be caused by drainage of water used for firefighting or safeguarding
properties. Afterwards, there was a large increase in deposited sediments (8 cm) from May 2012 until
May 2013, which agreed well with observed upstream rill erosion and, after January 2013, as well as
with observed sediment yield. Sediment levels remained mostly constant after this period. While the
magnitude of changes was similar in both measuring scales, they are not directly comparable due to
the different upstream drainage areas, and the possible local bias due to single point measurement.

3.3. Event-based analysis at the catchment scale

In total, 202 storm events with over 10 mm rainfall were identified during the analysis period, with
the number of events per hydrological year varying strongly from 34 to 73 (Table 2). Figure 4a shows
the first two components of the PCA done on these events, together explaining 52.6% of the variance.
The first component is mainly associated with the event rainfall total, while the second is mainly
associated with catchment wetness at the start of the event. Table 4 shows the Pearson cross-
correlation matrix for the variables linked with each event (described in Table 1); correlations between
variables are also graphically depicted in the PCA loading plot (Figure 4a).

Most events had a return period under 2 years; total rainfall intensity showed a small range, with
larger rainfall associated with longer storms (see PPtot and PPtime in Table 2), which is characteristic
of the large-scale travelling frontal weather systems normally responsible for rainfall in this region
(Santos et al., 2005). However, a few storms had 30-min rainfall intensity (PPI130) well above the
interquartile range. More information on storm event properties is available as supplementary
material.

The stormflow generation ratio was relatively low at 6% of rainfall, and most events were dominated
by baseflow, which constituted 76% of recorded streamflow. Catchment response showed moderate
time compression for streamflow and high for sediment yield (Smetanova et al., 2018): 75% of the
total rainfall, stormflow and sediment yield were produced by 48%, 22% and 4% of the total number
of events, respectively. Of the 7 events leading to 75% of sediment yield, the first occurred in 2010/11
and had a return period under 2 years, but abnormally high PPI30 (35 mm.h); the others all had a
return period over 2 years, and occurred in 2012/13 (4) and 2013/14 (2).
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Figure 4. a) Principal Component Analysis loading plot for components 1 and 2 (Dim1 in the x axis and Dim2 in
the y axis, with explained variance %), showing the variables listed in Table 1 and the component interpretation
in light green (opposite to each axis); b) PCA plot for the analysed events, grouped by hydrological year, with
ovals around median conditions of each year.

Table 4. Pearson cross-correlation matrix for event variables listed in Table 1, including significance. Values of
r>0.50 are underlined, while those with r>0.75 are underlined and bold.

PPtot PPI30 PPtime  PPant Qtot Qi Qmax Qbase Q/PP Qtime Syield Shyst Sconc Vfire

PPI30 0.35%*
PPtime | 0.75** 0.01

PPant 0.22* 0.04 0.26**

Qtot 0.77** 0.12 0.61**  0.53**

Qi 0.18 -0.05 0.25**  0.82** | 0.59**

Qmax | 0.71%%  0.25%%  0.49%%  (0.52%* | 0.84**  0.56**

Qbase | -0.33**  -0.43** -0.10 0.12 0.02 0.31%** -0.03

Q/PP 0.53** 0.07 0.40**  0.54** | 0.82**  0.61**  0.72** 0.04

Qtime 0.03 -0.13 0.11 -0.09 0.00 -0.08 -0.01 -0.11 -0.04

Syield | 0.73**  0.25%*  0.45** 0.23* 0.73** 0.22% 0.86** -0.15 0.52%* 0.04

Shyst 0.28** 0.09 0.23* 0.01 0.17 0.06 0.15 -0.13 0.23* -0.01 0.08

Sconc | 0.67**  0.47**  0.36** 0.17 0.50** 0.17 0.74**  -0.24** 0.43** -0.01 0.76** 0.21*

Vfire 0.00 -0.10 0.03 -0.09 -0.10 -0.20* -0.11 -0.08 -0.21* 0.06 0.00 -0.01 0.02

Vagri 0.09 -0.09 0.13 0.13 0.20* 0.27** 0.19* 0.17 0.18 -0.05 0.08 0.19* 0.01 -0.25%*

* significance: p<0.01
** significance: p<0.001

The inter-annual variability in median values of most rainfall characteristics (shown in Table 2) was
minor. Nonetheless, events in the first post-fire year (2011/12) were clearly different from those in
the other years, mostly involving small rainfall amounts and dry initial conditions (Figure 4b). These
events were characterized by lower initial streamflow (Qi), reflecting drier antecedent conditions, and
leading to lower stormflow generation (Q/PP), lower total and peak streamflow (Qtot, Qmax), and
lower sediment concentration and yield (Sconc, Syield). Sediment concentration was clearly highest
in the second post-fire year (2012/13). The difference in NDVI between burnt and unburnt vegetation
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(Vfire) revealed a sharp increase between the pre-fire year and the first post-fire year and then a
gradual decrease, in accordance with the pattern in vegetation recovery discussed earlier.

Total streamflow (Qtot) was strongly correlated with rainfall total (PPtot) but practically unrelated
with maximum rainfall intensity (PPI30), suggesting that stormflow generation is dominated by
saturation excess overland flow processes. The same is suggested by the strong correlation of total
streamflow with initial streamflow (Qi), an indicator of catchment wetness related with antecedent
rainfall (PPant); and with the stormflow generation ratio (Q/PP), itself also correlated with PPtot and
Qi, but not with PPI130. This dominance of saturation-excess processes could be related with the humid
climate and/or the high saturated hydraulic conductivity of the soils (Nunes et al., 2018c, 2018a).

These relationships are analysed in more detail in Figure 5a. Total streamflow appeared to
approximate 50% of total rainfall when initial streamflow values were above roughly 100 L.s (0.4
mm.h?), but otherwise be well below rainfall. This threshold would therefore seem a good indicator
for catchment wetness. It also helps explain the strong seasonal and inter-annual controls on
stormflow generation, as initial streamflow was markedly higher during the rainy season than the dry
seasons, and very low during the dry year of 2011/12 (Figure 3c).

Peak streamflow (Qmax) was well correlated with rainfall amount as well as with antecedent rainfall,
total streamflow, and the stormflow generation ratio. Interestingly, the correlation with maximum
rainfall intensity was not strong, which could result from the low importance of rainfall intensity for
stormflow generation.
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Figure 5. Scatterplots for variables listed in Table 1, with all axes in logarithmic scale, grouped by hydrological
year (Table 2): a) Ptot vs. Qtot, with circle size indicating Qi; b) Qmax vs. Syield, with circle size indicating Sconc;
and ¢) Qmax vs. Sconc, with circle size indicating PPI30.
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For all events together, sediment concentration (Sconc) was correlated most strongly with Qmax, and,
to a lesser extent, with total rainfall and total streamflow. This can indicate that concentration was
limited by the transport capacity of streamflow, which is usually related with its velocity (Morgan,
2009). This Sconc-Qmax correlation was clearly stronger in the second post-fire year (0.86 in 2012/13)
than in the remaining years (0.71, 0.63 and 0.69 in 2010/11, 2011/12 and 2013/14), which can be due
to the combination of large hillslope erosion rates with more rainfall and runoff, providing a larger
amount of sediment for transport (Figure 3d). Conversely, the correlation with maximum 30 min
rainfall intensity (PP130) was notably less important in the same year (0.32 in 2012/13) than in the
remaining years (0.61, 0.68 and 0.55 for 2010/11, 2011/12 and 2013/14). This indicates that
detachment limitation was less important in 2011/12 than in other years, possibly due to sediment
available from the burnt area, as rainfall intensity is well related with its erosive power (Morgan,
2009).

Sediment Yield (Syield) was more strongly correlated with Qmax, which probably also reflects the good
correlation with sediment concentration, and can therefore also be explained by transport-limited
sediment yield. There seemed to be a threshold in peak streamflow of c. 500 L.s (1.9 mm.h'), above
which both sediment concentration and yields were clearly higher (Figure 4b); below that, sediment
yield was low despite variability in sediment concentration. This pattern was not impacted by the
occurrence of fire. Most events had sediment hysteresis (Shyst) close to zero, indicating a close match
between peak streamflow and peak sediment concentration, which can be attributed to
uninterrupted sediment supply during the storm (Rodriguez-Blanco et al., 2010), and is also consistent
with a limitation on sediment transport capacity.

An analysis of the top 7 events, representing 75% of sediment yield (Figure 6), shows that they
presented a different behaviour than smaller events in terms of hysteresis. Most of them showed
either a marked clockwise hysteresis, or little hysteresis associated with decreasing sediment
concentrations for successive peak flows. Four of these events were associated to the occurrence of
rill erosion features (Table 3), while such features were inferred for the other events on 6/12/2010
and 24 and 28/03/2013. Both hydrograph-sedigraph patterns generally indicate depletion of
sediments during the initial stages or peaks of a storm, with sediments coming from the streams
and/or from nearby hillslope sources (Rodriguez-Blanco et al., 2010; Keesstra et al., 2019), although
an increasing dilution by baseflow could also play a role (Rodriguez-Blanco et al., 2010). Since the
channels in the study catchment are mostly artificial, and since within-channel sediment dynamics
were dominated by deposition in most of these storms (Figure 3e), the lower parts of the hillslopes
are the most likely source. Given the transport limitation observed in most events (as discussed
earlier), it can be postulated that the sediment not exported in smaller events (and, presumably
deposited on the lower slope sections) is then exported during the major events, possibly through rill
erosion. More information about these events is available as supplementary material.

The largest event, on 28/03/2013, was an exception by revealing a counter-clockwise hysteresis. This
could be linked with improved water and sediment connectivity (Keesstra et al., 2019) or with delayed
sediment transport processes (Rodriguez-Blanco et al.,, 2010). Both explanations fit with the
occurrence of bank overflow (which only occurred during this event) and associated receding
floodwaters. While these conditions were unique during the study period, they produced 18% of the
overall sediment yield, highlighting the important contribution of exceptional events.

Vegetation cover in the burnt area (Vfire) and the agricultural fields (Vagri) were also not well
correlated with other variables. For Vfire, this could be linked with the drought in the year with the
largest disturbance (2011/12) which limited hydrological response. In any case, the low relation with
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vegetation cover indicates that storm characteristics were dominant for catchment hydrological and
sediment responses.
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Figure 6. Detailed 2 minute streamflow and sediment concentration data for the 7 events with the highest
sediment yields, including events from the pre-fire year (2010/11; a), the second post-fire disturbed year
(2012/13; b to e) and the third post-fire recovered year (2013/14; f and g); for each event, the left panel shows
the hydrograph and sedigraph while the right panel shows a plot of streamflow vs. sediment concentration,
separating between the rising and descending limb of the sedigraph, with numbers indicating temporal order of
occurrence within the storm.
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4. Discussion

4.1. Hydrological processes

Hydrological processes in the Macieira de Alcoba catchment presented a strong seasonal pattern, with
larger streamflow occurring during the wet season due to higher rainfall amounts and wetter
catchment conditions (Figure 3c, Figure 4 and Figure 5a). This seasonal response has also been
observed in other Mediterranean catchments with clear wet and dry seasons (Rodriguez-Blanco et al.,
2010, 2019; Giménez et al., 2012), and is usually attributed to a shift between wet and dry controls on
hydrological response, with stormflow generation driven by saturation-excess in the wet season and
by infiltration-excess in the dry season (Kirkby et al., 2002; Boix-Fayos et al., 2006).

This pattern was also observed in Macieira; the dominance of baseflow and the strong relationship
between total event streamflow and initial streamflow indicate the predominance of saturation-
excess runoff generation, while the weak relation between rainfall intensity and streamflow and the
relatively low stormflow generation ratio suggest that infiltration-excess runoff generation was not
important at the catchment scale (Figure 4 and Table 4). Local factors could have contributed to
strengthen this effect: on one hand, infiltration-excess runoff can be limited by interception from the
continuous vegetation cover in forests and agricultural soils (Valente et al., 1997; Nunes et al., 2018a)
combined with the high hydraulic conductivity of agricultural and forest soils in the region (Boulet et
al., 2015; Nunes et al., 2018a); and on the other, lateral flow retention by the agricultural terrace
network could enhance soil saturation in crop fields (Nunes et al., 2018a).

These hydrological patterns did not appear to be affected by the fire. It is possible that fire led to an
increase of surface runoff at the slope scale, as suggested by the occurrence of rill erosion in the burnt
area (Figure 3d) and as observed after a previous fire in the catchment (Ferreira, 1997); this has often
been observed in burnt areas, both due to the presence of soil water repellency (Malvar et al., 2016)
and the degradation of soil physical structure, decreasing hydraulic conductivity (Varela et al., 2015;
Ebel and Moody, 2020). However, rip-plowing might have broken the topsoil repellent layer, and
limited hydrological connectivity might have prevented the effects of repellency from manifesting at
the catchment scale, as observed elsewhere (Ferreira et al., 2008; Stoof et al., 2012).

Other studies in the Mediterranean have observed a post-fire increase in total and peak streamflow
(Lavabre et al., 1993; Mayor et al., 2007). Several factors can explain why this was not observed in
Macieira: the small size of the burnt area (Figure 1); the lower evapotranspiration of plantation forests
in this region, due to low density and shallow rooting depth (Valente et al., 1997; Hawtree et al., 2015);
and the fast regrowth of eucalypts after fires, leading to a fast recovery in evapotranspiration (c. 1
year; Hausler et al., 2018).

4.2. Erosion processes

The fire in Macieira de Alc6ba had a large impact on erosion in the affected area, especially in the
plowed slope (Figure 3d); and it is possible that erosion rates were limited by sediment exhaustion,
before vegetation recovery was apparent (Figure 2). A compilation of plot studies (8 to 200 m?) in the
Mediterranean by Shakesby (2011) reports erosion rates between 0.1 and 40 ton.haly? after high
severity fires, with a median of 4 ton.hay%. A previous plot study (16 m?) in this catchment by Ferreira
(1997) measured post-fire erosion rates of 2.2 ton.hayl. Erosion rates observed in this study were
comparable when considering the entire burnt area, despite the larger size, but higher when
considering only the plowed area (Table 3).

These differences could be linked with the presence of rills in the plowed area, which is not common
in Mediterranean burnt areas (Shakesby, 2011; Prats et al., 2019). While high severity fires can
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increase interill erosion by one order of magnitude (Vieira et al., 2015), erosion in the plowed area
was three orders of magnitude higher than the 0.02 ton.hal.yr! measured by Ferreira (1997) in
unburnt forests. Long slope lengths (which reached up to 150 m in the plowed area; Figure 1a) are
usually associated with lower erosion rates, unless other factors enhance rill formation, such as
topographic convergence or soil properties (Prats et al., 2019); these can be enhanced by the increase
in hydrological and sediment connectivity usually found in burnt catchments (Keesstra et al., 2018;
Lépez-Vicente et al., 2020). In this case, rill formation could have been enhanced by the intensive post-
fire management operations in the plowed area (Martins et al., 2013; Malvar et al., 2017), and their
enhancement of connectivity (Martinez-Murillo and Lépez-Vicente, 2018).

Erosion in the burnt areas was much higher than that in most agricultural areas, except for that in two
agricultural fields with conditions specifically propitious for erosion (Figure 3d and Table 3). This
contrasts with other Mediterranean areas where erosion in burnt areas is smaller than that of
cultivated fields (Shakesby, 2011). This can be explained by the traditional soil conservation
techniques (winter pasture, terracing) still practiced in north-western Iberia (Nunes et al., 2018a).
Winter pastures only leave agricultural exposed to erosive rainfall for the first few months of the wet
season. In the burnt area however, and especially in the plowed area, soils were exposed to erosive
rainfall throughout the entire wet seasons of 2011/12 and 2012/13, which constituted the “window
of disturbance” described by Shakesby (2011), thus providing more opportunities for erosive rainfall
to detach sediment. As a result, while erosion in cultivated areas mostly occurred when cover was low
or developing (as indicated by NDVI; Figure 3a and d), erosion in the burnt area was observed after all
the largest storms. Modelling results for this study area by Nunes et al. (2018c) suggest that erosion
rates in the burnt area are larger even when considering agricultural erosion for the entire pre-fire
decade.

Terracing also generally leads to slope lengths below 20 m in agricultural fields of the Macieira
catchment, limiting sediment connectivity when compared with burnt forest slopes (Nunes et al.,
2018a). However, this is only true of active agriculture areas such as Macieira; in abandoned and
revegetated areas common elsewhere in the Mediterranean, terrace abandonment might actually
increase the connectivity after fires (Calsamiglia et al., 2017).

4.3.  Sediment yield
The catchment scale sediment export was dominated by storm characteristics, especially peak flow
rates, both before and after the fire. The bulk of the exported sediments were produced by a few large
storms, which is typical of Mediterranean catchments (Smetanova et al., 2018). The amounts of
sediment yield and their temporal patterns indicate that most sediments came from the burnt area
(Figure 3d).

There was, however, a delay between slope-scale erosion processes and sediment export by the
stream. This delay could have been caused by reduced transport capacity of the streamflow in the first
year after the fire (2011/12), when streamflow was comparatively low as a result of a prolonged dry
spell. In the ensuing year (2012/13) with almost twice as much rainfall, sediment concentration was
noticeably higher, and sediment yield was more closely linked with peak flow than in other years
(Figure 5b). While sediment export in the second post-fire year (2012/13) was also limited by
streamflow transport capacity to some degree, this limitation was not evident in the largest storms
when sediment depletion was observed in hysteresis curves (Figure 6). A possible explanation is that
sediments deposited during smaller storms at the lower slope sections were subsequently exported
at the start of larger events.
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Ferreira et al. (2008) proposed a decrease in erosion rates from hillslopes to catchments in recently
burnt areas due to a decrease in sediment connectivity caused by a limited sediment transport
capacity of streamflow. Lower connectivity at the catchment scale was also reported for several
Mediterranean burnt catchments (Lavabre and Martin, 1997; Inbar et al., 1998; Keizer et al., 2015;
Lépez-Vicente et al., 2020; Wu et al., 2020). In Macieira, however, most of the sediments eroded by
hillslope runoff processes appeared to have left the catchment within the first two years after the fire,
although with a time lag between rill erosion and sediment yield (Figure 3d). This can be partly
explained by the more humid climate in Macieira, as large rainfall events can increase hydrological
and sediment connectivity (Lopez-Vicente et al., 2020). In other burnt catchments, however, larger
fractions of the hillslope sediments remained stored on the footslopes or in the stream network during
the study periods (Inbar et al., 1998; Mayor et al., 2007; Keizer et al., 2015), possibly representing an
important source of sediment following further disturbances. In any case, a better understanding of
sediment connectivity in burnt areas will require substantially more case-studies than currently exist.

4.4. Implications for the role of fires on hydrological and sediment processes

In Macieira, the 2011 fire led to important hillslope erosion rates in the burnt area, especially where
intensive post-fire management took place. These rates were similar to the largest erosion rates that
were observed on the catchment’s croplands on sloping terrain during an especially wet year (Table
3). This indicates that erosion in burnt eucalypt and pine forest plantations can rival the worst-case
conditions for croplands, and is higher than that of traditional terraced cropping systems. The
concentration of post-fire erosion in small areas and short time periods indicate that emergency
stabilization approaches such as mulching (Ferreira et al., 2015a; Keizer et al., 2018) could greatly limit
the immediate impacts of fire and post-fire management. Similarly, structural landscape
management, e.g. with riparian vegetation, could help prevent eroded sediments from reaching the
streams (Pastor et al., 2019).

In the long term, however, fire-induced erosion would only seem to be important in case of recurrent
wildfires. This has not been the case in Macieira over the past 4 decades but only in the sense that the
several fires that did occur affected different parts of the catchment (Ferreira, 1997). Nonetheless,
Portuguese rangelands will typically burn once each 24 years (Cardoso Pereira et al., 2006), and
recurrently burnt areas in this region have been reported to produce enhanced soil losses (Hosseini et
al., 2016).

Streamflow and sediment yield of individual events were mainly determined by post-fire rainfall
conditions, with fire occurrence playing a secondary role at most as observed elsewhere (Mayor et al.,
2007; Stoof et al., 2012; Wu et al., 2020). While streamflow did not reveal any obvious impacts of the
present fire, sediment yields did. The fire appeared to lead to a large increase in sediment supply,
decreasing the importance of sediment limitations in favour of transport limitations, and changing
sediment vyield patterns. It is possible that the normal sediment yield patterns in agroforestry
headwater catchments have peak sediment yields during the autumn harvest and plowing season, as
observed for Macieira (Figure 3c) before the fire (2010/11) and after recovery (2013/14); a longer
time-series would shed more light on this issue.

It is worth stressing that the excess in sediment supply following the fire occurred despite the
relatively small size of the burnt area and a relatively high streamflow, at least during the second post-
fire year (2012/13). Even limited fire-induced sediment supply could have a negative impact on
downstream aquatic ecosystems and organisms, as they are sensitive to the toxic compounds present
in ashes and burnt topsoil (Silva et al., 2015; Campos et al., 2016; Carvalho et al., 2019). Sediments
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accumulated in stream networks, as was the case in Macieira (Figure 3e), have the potential for long-
term impacts on water quality.

However, while a larger fire might lead to a larger sediment supply, it would not necessarily lead to
higher sediment concentration due to lower in-stream connectivity caused by transport capacity
limitations. The additional sediments (including wildfire ash) might accumulate in lower slopes and
the stream bed, and be exported in subsequent years, as has been observed earlier in burnt
catchments (Inbar et al., 1998; Mayor et al., 2007); or even deposit in the floodplain for larger
watersheds (Wu et al., 2020). Further studies in catchments burnt to a greater extend are urgently
needed to assess this.

4.5. Limitations and future work

This work had several limitations, some of which were already pointed out, such as the small size of
the fire and the perhaps somewhat limited duration of the time series. However, there is a scarcity of
catchment-scale data from burnt areas, which can be explained to a large degree by the difficulties in
monitoring these infrequent and unpredictable phenomena (Shakesby, 2011; Moody et al., 2013).
Despite its limitations, however, the present dataset includes a large number of storm events (202
with over 10 mm) as well as storm events producing sediment yields (146). The latter figure is well
above the 100 sediment-producing events that Pefia-Angulo et al. (2019) proposed as a minimum. It
is also much larger than the number of events that are typically recorded by studies in dryer
Mediterranean areas. For example, Mayor et al. (2007) observed 31 events in six years.

Other, more minor limitations of this study were the existence of some gaps in streamflow and
sediment yield , even if relatively few and of short duration (Figure 3), the limitation of erosion feature
surveys to rill erosion while ignoring sheet erosion, and the reduced number of locations and times
where in-stream sediment dynamics were measured.

Further work is needed to explore the role of fire for erosion, sediment transport patterns, and
especially catchment-scale streamflow and sediment yield, preferably analysing catchments in the
same climatic region with different burnt area sizes and characteristics, and different post-fire
meteorological patterns. However, the complications associated with collecting data in burnt
catchments will likely limit data availability in the future. In these conditions, sediment tracing can be
used to overcome logistical constraints by mapping sediment transport in the catchment with limited
samples and/or after it occurs (Garcia-Comendador et al., 2020). Alternatively, numerical hydrological
and erosion modelling could provide an interesting approach to study catchment processes, as
exemplified for this catchment by Nunes et al. (2018c) and Pastor et al. (2019).

5. Conclusions

This work assessed the impacts of fire and post-fire land management on the hydrological and
sediment response of a catchment in the western Mediterranean, in a landscape where traditional
terraced crop fields are mixed with plantations forests representative of the afforestation experienced
by this region in recent decades. The catchment was originally selected to study runoff and erosion
processes for traditional agricultural practices but the occurrence of a fire towards the end of the first
monitoring year was envisaged as an additional opportunity and the main motivation for continuing
beyond the duration of the funding project.

The results indicate that fires can have a large impact on soil loss on forested hillslopes, resulting in
losses comparable to those of the most vulnerable croplands, and well-above those of the majority of
crop fields, especially those where traditional soil conservation measures such as winter vegetation
cover and terracing are implemented. As the impact of individual fires is short-lived, the overall role
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of fire depends on its regime and, in particular its recurrence. In the study catchment, the recurrence
interval is longer than is typical for Portuguese rangelands, where frequently burnt areas have been
observed to show clear signs of soil degradation.

Catchment scale results did not show a noticeable impact of the fire on streamflow response but they
did on the amount of sediments available for export. Storm conditions were nonetheless the dominant
factors driving sediment yields, suggesting that the window-of-disturbance was limited to the first two
post-fire years. Such a reduced disturbance period can be linked with the relatively small size of the
burnt area, but does not preclude important impacts on aquatic habitats within and downstream of
the catchment.

There results provide an insight on how sediment is detached and transported in burnt catchments,
which is key to understand and prevent post-fire water contamination. The temporal lag between
erosion and sediment yield and the dominance of post-fire storm characteristics are consistent with
observations in other Mediterranean catchments, but additional research is needed to benchmark the
present results; and it should be noted that the dominant catchment-scale processes might differ in
other climatic regions.

Finally, the results suggest the importance of post-fire management operations for soil degradation
and sediment exports, even in small burnt areas. This indicates that intensively managed areas should
be prioritized for emergency post-fire stabilisation, and that soil conservation techniques could be
developed to limit the negative impact of management.
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Figure S 1. Photos from rills in the burnt area (left) and agricultural fields (right)
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Figure S 2. Intensity-Duration-Frequency curves for rain storms in Macieira with rainfall > 10 mm (Y axis in
logarithmic scale), with the top 7 erosive events marked (see labels in Table S 1).

Table S 1. Characteristics of the top 7 erosive events, for the parameters described in Table 1 of the manuscript.

Storm a) 06/12/2010 |b) 13/12/2012|c) 17/01/2013 |d) 24/03/2013|e) 28/03/2013 |f) 23/12/2013 |g) 01/01/2014
Return period (yr) 1.2 11.5 3.2 7.4 2.8 4.0 9.5
PPtot (mm) 53.7 165.4 161.0 181.8 113.1 147.7 205.2
PPI30 (mm.h1) 31.5 18.2 15.8 12.5 18.2 41.2 141
PPtime (hr) 10.4 30.2 50.8 44.2 26.9 38.5 50.6
PPant 71.8 135 63.4 48.6 132.9 35.4 84.0
Qtot (mm) 44.9 73.6 95.6 71.9 96.1 21.2 139.6
Qi (L.s?) 176.4 2.1 77.4 79.8 218.0 25.1 216.8
Qmax (L.s) 585.3 884.0 1293.5 851.0 2530.6 1227.8 1161.2
Qbase 66.5% 44.3% 57.8% 52.3% 71.6% 47.8% 66.4%
Q/PP 28.0% 24.8% 25.1% 18.9% 24.1% 7.5% 22.9%
Qtime (hr) 6.1 24.8 34.6 17.4 15.3 15.0 29.4
Syield (ton.ha) 0.02 0.06 0.11 0.05 0.11 0.04 0.05
Shyst 0.06 0.37 0.03 0.31 -0.04 0.29 0.24
Sconc (g.L?) 0.05 0.09 0.12 0.08 0.12 0.19 0.04
Vfire -0.05 0.11 0.18 0.14 0.13 0.04 0.04
Vagri 0.59 0.69 0.68 0.73 0.73 0.70 0.71
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Figure S 3. Box-plots representing rainfall, streamflow, sediment and vegetation parameters per event and per
year, following the parameters described in Table 1 of the manuscript.
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