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Abstract: The purpose of this study was to assess how terracing affected overland flow and associated sediment losses,
at the micro-plot scale (0.25 m?), in recently burnt stands of the two principal forest types in north-central Portugal, i.e.
mono-specific stands of Maritime Pine and Eucalypt. Terracing is an increasingly common practice of slope engineering
in the study region but its impacts on runoff and erosion are poorly studied. Non-terraced plots at the Eucalypt and the
Pine site revealed similar median runoff coefficients (rc: 20-30%) as well as comparable median sediment losses (15-25
g m™) during the first seven months following wildfire. During the ensuing, slightly wetter 18-month period, however,
non-terraced plots at the Pine site lost noticeably more sediments (in median, 90 vs. 18 g m™), in spite the runoff re-
sponse had remained basically the same (median rc: 33 vs. 28%). By contrast, terraced plots at the same Pine site lost

hugely more sediments (in median, 1,200 g m™) durin
lost three times more sediments (in median, 3,600 g m

factors in the observed/inferred impacts of terracing.

this 18-month period. Terraced plots at the Eucalypt site even

). Ground cover and resistance to shear stress seemed to be key
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INTRODUCTION

In the past three decades, wildfires have become a common
phenomenon in Portugal, especially during the summer. Wild-
fires in Portugal have, on average, affected some 100,000 ha
year " since the 1980s but well over 300,000 ha year™ in excep-
tional years such as 2003 and 2005 (Pereira et al., 2006). This
elevated wildfire incidence can be attributed to climate condi-
tions that are propitious to wildfire as well as to biomass pro-
duction, in combination with various socio-economic factors
(Moreira et al., 2001; Radich and Alves, 2000; Shakeshy,
2011). The principal socio-economic factors are the large-scale
replacement of native Portuguese forest by commercial planta-
tions of fire-prone tree species (especially Pine and Eucalypt),
the decline in traditional practices (grazing and coppicing,
reducing the accumulation of flammable materials), and land
abandonment. Since the underlying socio-economic causes are
of a structural nature and since meteorological conditions propi-
tious to wildfire are expected to increase with climate change,
wildfire occurrence in Portugal is not expected to decrease in
the foreseeable future (Pereira et al., 2006).

Wildfires can produce striking changes in hydrological and
erosion processes in Mediterranean ecosystems, as thoroughly
reviewed by Cerda and Bodi (2007) for Spain and Shakesby
(2011) for the Mediterranean Basin. Fire-enhanced runoff and
erosion rates are generally attributed to the partial removal of
the protective vegetation and litter cover, combined with heat-
ing-induced alterations in soil properties controlling runoff
generation and soil erodibility, for example soil water repellen-
cy and aggregate stability (Cerda, 1998; Cerda and Doerr,
2008; Leighton-Boyce et al., 2007; Mataix-Solera et al., 2011).
Strong increases in runoff and erosion following wildfire have
also been inferred for the two principal forest types in north-
central Portugal, Maritime Pine and Eucalypt plantations (Fer-
reira et al., 2008; Leighton-Boyce et al., 2007; Malvar et al.,
2013; Prats et al., 2012; Shakesby et al., 1993).

Post-fire forestry practices can also strongly influence over-
land flow and erosion in recently burnt areas. For example,
variations in logging activities of Eucalypt plantations in north-
eastern Spain resulted in erosion rates ranging from less than 1
to more than 40 Mg ha™ y™* (Fernandéz et al., 2004). In north-
central Portugal, rip-ploughing in downslope direction led to
greater soil losses than wildfire (Shakesby et al., 1994). Rip-
ploughing in downslope direction is now forbidden in the study
region but the construction of terraces for reforestation with
Eucalypt has become increasingly common, especially also in
recently burnt areas (Fig. 1). Although terraces are traditionally
viewed as a technique for soil conservation, ploughing for
constructing terraces in new citron plantations has been found
to produce erosion rates that were exceptionally high for west-
ern Mediterranean standards (Cerda et al., 2009). The present
authors have measured high splash erosion rates on recent
terraces (Fernandéz-Raga et al., 2010), and have regularly
observed small-scale erosion features (pedestals, collapsing
terrace sides, rills) and even gully formation on terraced hill
slopes in Portugal. Runoff and associated sediment losses,
however, are poorly quantified for recently terraced forest
plantations (Shakesby, 2011). The overarching aim of the pre-
sent study was to address this knowledge gap, focusing on
overland flow and inter-rill erosion at the micro-plot scale
during the initial post-disturbance period as a first step towards
assessing the overall impacts of this form of slope engineering,
at the slope and watershed scale and over a full plantation cy-
cle. The specific objectives were to assess the hydrological and
erosion effects of terracing: (i) directly, by comparing two
adjacent slope sections of a single Maritime Pine plantation, of
which one was terraced some seven months after a wildfire and
the other left undisturbed; (ii) indirectly, by comparing pre- and
post-terracing at a nearby Eucalypt plantation.
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Fig. 1. lllustration of terrace construction, using a bulldozer, on a
very steep slope in a recently burnt area in central Portugal, in
preparation of new Eucalypt plantation.

MATERIAL AND METHODS
Study area

The study area was located in the Sever do Vouga munici-
pality, north-central Portugal. The area surrounding the Ermida
hamlet was affected by a wildfire that occurred between July 26
and 28 2010 (AFN, 2012). The burnt area comprised approxi-
mately 300 ha, which, at the time of the fire, was mainly cov-
ered by Eucalypt (Eucalyptus globulus Labill.) plantations but
also included some Maritime Pine (Pinus pinaster Ait.) planta-
tions and a stand of Cork Oak (Quercus suber L.).

The climate of the study area can be classified as humid me-
so-thermal (Csb, according to the Kdppen classification), with
moderately dry but extended summers (DRA-Centro, 1998). At
the nearest weather station (40° 51°16”N, 8° 22°55”W; SNIRH,
2011), the long-term mean annual temperature was 14.9 °C. At

the nearest rainfall station (40° 44°39”N, 8°18°05”W; SNIRH,
2011), annual rainfall was, on average, 1.609 mm but varied
strongly, from 960 to 2.530 mm.

The study area pertains to the Hespheric Massif, one of the
region’s major physiographic units (Ferreira, 1978). The Hes-
pheric Massif mainly consists of pre-Ordovician schists and
greywackes but includes Hercynian granites at several loca-
tions. According to the existing soil map (1 : 1,000,000; Cardo-
so et al., 1971, 1973), the soils in the study area are predomi-
nantly Humic Cambisols.

Study sites

Two contrasting study sites were selected at less than 500 m
distance within the burnt area: a Eucalypt plantation over gran-
ite and a Maritime Pine plantation over schist (Fig. 2). Both
study sites corresponded to steep (around 25°) but short (40-80
m) slopes, with a SE exposition. By the time of the fire, the
Eucalypt plantation was in its second rotation (the trees having
been logged once and left to regrow from the stumps) and, thus,
some 15-20 year old, whereas the Pine plantation was estimat-
ed at 30—40 years old. At both study sites, fire severity sensu
Keeley (2009) had apparently been moderate. This was in-
ferred, following Shakesby and Doerr (2006), see also Malvar
et al., (2011, 2013), from the scorching rather than consumption
of the majority of tree crowns, the total consumption of most of
the undergrowth vegetation and the predominantly black color
of the ashes. At the bottom of the each of two study slopes, the
trail side was cleared at various points for a field description of
the soil profiles. In accordance with the WRB (2006), the soils
ranged from Humic Leptosols to Humic Cambisols at the Euca-
lypt site, and from Lithic Leptosols to Humic Leptosols at the
Pine site. Soil texture was determined in the field as being
slightly coarser at the Eucalypt site (sandy loam) than at the
Pine site (sandy clay loam).

Vouga river

-

Ermida~hamle}

z3 z4

Fig. 2. Location of the study area and the two study sites, covered by an Eucalypt plantation (“EUC”) and a Maritime Pine plantation
(“PIN™), and schematic representation of the experimental set-up, dividing a study slope in the following four strips: z1 = transects for
destructive sampling; z2 = micro-scale runoff plots; z3 = slope-scale runoff plot; z4 = slope-scale erosion plot (sediment fence).
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In the winter of 2010, the two study sites were logged (and
the trees removed) and then terraced with a bulldozer (March
2011). The Maritime Pine site was only partially terraced, in
compliance with a reforestation plan approved prior the wild-
fire. In the authors’ experience, this partially-terraced site rep-
resented a rather unique opportunity to study the effect of ter-
racing through a direct comparison of two adjacent slope sec-
tions with presumably the same environmental settings and the
same land-use/cover history.

Experimental design

Immediately after the wildfire, both study sites were divided
into four strips running from the bottom to the top of the slope
(Fig. 2). One of these strips (“z2” in Fig. 2) was selected for
studying the hydrological and erosion response at the micro-
plot scale, the topic of this study. At the base of this strip, 3
replicate micro-plots of approximately 0.25 m” were installed at
distances of 2-3 m. The plot outlets were connected to one or
more tanks of 30 or 70 L to collect the overland flow. This
initial installation of the plots was completed by August 25,
2010, before the occurrence of any significant rainfall, as rec-
orded by the various rainfall gauges installed within the burnt
area and within a 1-km radius of the study sites.

During March 2011, the micro-plots at the Pine site were
removed prior to the passage of the bulldozer, whereas the
micro-plots at the Eucalypt site were left in situ to become
shoved under by the bulldozer. Plot re-installation was done
after terracing, and completed by March 23, 2011. By then, just
a single weekly event with significant rainfall (total: 25 mm;
maximum intensity in 30 min: 7.5 mm h™) had been missed,
also because March 2011 was a dry month. At the Eucalypt
site, three new micro-plots were installed at less than 10 m
distance from the original plot location but they were placed on
a trail rather than on the nearest terrace, to keep slope angle as
similar as possible as that of the original plots (22-27° vs. 16—
289). The same was done at the Pine site (24-29° vs. 15-32°); in
addition, however, three replicate plots were installed at the
base of an adjacent section of the Pine slope that was not ter-
raced.

Field data and sample collection, laboratory
and data analysis

From August 25, 2010 till September 26, 2012, the runoff
collected in the various tanks was measured at 1- to 2-weekly
intervals, mainly depending on the occurrence of rainfall, at a
total of 66 occasions (referred to as “events”). Whenever there
was more than 250 ml of runoff in a tank, a sample was collect-
ed (in a 1.5 I bottle) and transported to the laboratory for analy-
sis. The sediment concentration of these samples was then
determined by filtration, using a paper filter with a pore diame-
ter of 12-14 um, followed by drying at 105 °C during 24 h
(APHA, 1998). The runoff and erosion figures of the replicate
plots tended to suggest strongly asymmetrical distributions, so
that median values were preferred over average values to pre-
sent site-wise figures.

The 1- to 2-weekly field trips also involved measurement of
the rainfall accumulated in four storage gauges (in-house de-
sign) that had been installed across the study area by the middle
of August 2010. Their main purpose, however, was to validate
the automatic recordings of four tipping-bucket rainfall gauges
(Pronamic Professional Rain Gauge with 0.2 mm resolution)
that had been installed at close proximity to the storage gauges.

The ground cover of the individual plots was determined at
regular intervals during the study period, recognizing the fol-
lowing five cover categories: bare soil, stones (including rock
outcrop), ashes (including charred plant materials), litter and
vegetation. To this end, a square grid of 0.5 m x 0.5 m was laid
over the plots, and the cover category was recorded at 100
points where the grid’s 10 equidistant rows intersected with its
10 equidistant columns. The ground cover data included in this
study were those collected in January and May 2011, represent-
ing pre- and post-terracing conditions, respectively.

Resistance of the topsoil to shear stress was measured as an
indicator of soil erodibility. This was done at several occasions
during the study period, three of which are included in the
present analysis (pre-terracing: November 2010; post-terracing:
March and May 2011). At subsequent sampling occasions,
transects were laid out at shifting positions across one of the
fours strips in which the study slopes had been divided (“z1” in
Fig. 2). Along each transect, five equidistant points were select-
ed where resistance to shear stress was measured at three spots
per point, using a torvane. Since the distributions of the shear
stress values seemed asymmetrical, median values were pre-
ferred over average values to present site-wise figures.

RESULTS AND DISCUSSION
Rainfall

The first study year following the wildfire was close to a
regular rainfall year, with 10% less rain than the long-term
annual average at the nearest rainfall station (September 1,
2010 — August 31, 2011: 1,435 mm). The second year, howev-
er, was clearly a dry year, with less 25% rain than on average
(September 1, 2011 — August 31, 2012: 1,207 mm). As a result,
total rainfall was remarkably similar for the first, “pre-
terracing” phase and the second, “post-terracing” phase of this
study, especially taking into account their marked difference in
duration (7 vs. 18 months). 1,205 mm of rainfall was recorded
from the wildfire till March 9, 2011 as opposed to 1,412 mm
from March 23, 2011 till September 26, 2012. The first and
second study phases were also quite comparable in terms of the
number of events with extreme rainfall amounts and intensities.
The first study phase comprised three events with more than
100 mm in total and seven events with maximum 30-min inten-
sities of more than 17.5 mm h™, whereas the second phase
comprised four and seven of such events, respectively.

Overland flow at the Maritime Pine site

At the Maritime Pine site, the non-terraced plots revealed a
slightly lower median runoff coefficient during the first 7
months after the wildfire (28%) than during the subsequent 18
months after the terrace construction (33%) (Fig. 3). A differ-
ence of this order of magnitude could easily be attributed to
spatial heterogeneity in hydrological behavior, since the runoff
coefficients of the three replicate plots varied at least a factor 2
for both study phases (phase 1: 15 to 32%); phase 2: 11 to 43%).
Possibly, however, this minor increase in runoff response with
time-since-fire could reflect the observed disappearance of the
ash layer and its substitution by bare soil (Fig. 4). Varies stud-
ies (e.g. Bodi et al., 2011; Larsen et al., 2009; Leighton-Boyce
et al., 2007) have demonstrated that the presence of ashes can
decrease overland flow generation.

The median runoff coefficient over the first study phase
agreed reasonably well with the average figure of 22% reported
by Prats et al. (2012) for a nearby Maritime Pine stand on schist
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over the first 2-3 months after a wildfire in 2007, in spite plot
size was considerable larger (16 m?). Unlike in this study, how-
ever, the average runoff coefficient of the untreated plots in
Prats et al. (2012) dropped considerably over the subsequent 10
months, to 10%. In another Maritime Pine stand on schist, in
central Portugal, Prats et al. (2013a) found markedly higher
average runoff coefficients for untreated plots of 0.25-0.50 m’
during both the first year (50-60%) and the second year (47%)
following a wildfire. This contrast in overland flow between the
present study and Prats et al. (2012), on the one hand, and, on
the other, Prats et al. (2013a) could, at least in part, be ex-
plained by the higher fire severity in the latter study, as indicat-
ed by an almost complete combustion of the Pine tree crowns
as opposed to their scorching in this study and Prats et al.
(2012). Such a differential effect of fire severity could operate
directly, especially through heating-induced changes in topsoil
hydrological properties (e.g. Cerda, 1998; Mataix-Solera and
Guerrero, 2007; Shakesby, 2011). It could, however, also work
indirectly, in particular through the ground cover provided by
needle cast from scorched crowns (e.g. Cerda and Doerr, 2008;
Larsen et al., 2009; Shakesby et al., 1993). In the present study,
as shown in Fig. 4, and in Prats et al. (2012), the average litter
cover attained 50% or more within the first few weeks after the
wildfire, while it was less than 10% in Prats et al. (2013a).
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Fig. 3. Minimum, median and maximum runoff coefficients (%) of
the 3 replicate micro-plots at the eucalypt (“EUC”) and Pine
(“PIN”) study sites over the first, pre-terracing (“1”) and second,
post-terracing (“2”) study phases, with the non-terraced/terraced
plots of the second study phase being indicated as “nont” and
“terr”, respectively.

At the Maritime Pine site, terracing did not seem to marked-
ly change the overall runoff response (Fig. 3). The median
runoff coefficient over the post-terracing phase was only slight-
ly higher for the terraced than non-terraced plots (36 vs. 33%).
However, terracing did seem to reduce the spatial variability in
overland flow generation, as the runoff coefficients of the three
replicate plots differed clearly less at the terraced than undis-
turbed slope section (27-36% vs. 11-43%). This homogenizing
effect of relocating large soil masses with a bulldozer was
hardly surprising but its marginal impacts on runoff volumes
was unexpected, also because terracing eliminated an extensive
litter and vegetation cover (about 80%; Fig. 4). Possibly, the
pre-terracing vegetation-litter cover and the stone cover substi-
tuting it after terracing played comparable roles in overland
flow generation, suggesting that the post-fire runoff response at
the Pine site was controlled by resistance to flow rather than by
rainfall interception. Likewise, Prats et al. (2013b) pointed out

that the poor effectiveness of mulching in reducing post-fire
runoff reported by Shakesby et al. (1996) would agree with the
prevalence of resistance to flow over rainfall interception as
runoff controlling factors.
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Fig. 4. Average ground cover of stones, bare soil, ashes, litter and
vegetation of the 3 replicate micro-plots at the eucalypt (“EUC”)
and Pine (“PIN”) study sites during the first, pre-terracing (“1”)
and second, post-terracing (“2”) study phases, with the non-
terraced/terraced plots of the second study phase being indicated as

“nont” and “terr”, respectively. The data shown concerned January
2011 (phasel) and May 2011 (phase 2).

Overland flow at the Eucalypt site

At the Eucalypt site, overland flow generation over the first
study phase was comparable to that at the Maritime Pine site,
with a median runoff coefficient amounting to 23% (vs. 28%j;
Fig. 3). However, the spatial variability in this initial post-fire
runoff response was even more pronounced at the Eucalypt site
than at the Pine site, as the replicate plot values differed by a
factor 6 (8-48% vs. a factor 2: 15-32%).

The median runoff coefficient at the present Eucalypt site
was of the same order of magnitude as the average runoff coef-
ficient that Prats et al. (2012) observed in a nearby Eucalypt
stand (30%), both over the first 2-3 months after a 2007-
wildfire (all plots) and over the ensuing 10 months (untreated
plots). In an Eucalypt stand within the same burnt area as stud-
ied here, however, a noticeably larger fraction of the rainfall
became, on average, overland flow during the first post-fire
year (October 10, 2010-September 7, 2011: 55%; Prats et al.,
2013b). The referred differences in post-fire runoff between
recently burnt Eucalypt stands could involve an inter-play of
factors. Parent material and associated soil properties (e.g. soil
texture) could explain the difference between this study (gran-
ite) and Prats et al. (2013b: schist), whereas plot size (Ferreira
et al., 2008) could explain the difference between the two stud-
ies by Prats et al. (2012: 16 m% 2013b: 0.25 m?). The combined
effect of parent material and plot size could then justify the
difference between this study and Prats et al. (2012).

At the Eucalypt site, overland flow generation after terracing
was markedly higher than during the initial post-fire period
(Fig. 3). The median runoff coefficient was almost twice as
high after terracing than before it (40 vs. 23%). This difference
could be explained by the marked reduction in the combined
ash and litter cover from 85% before terracing to 5% afterwards
and the associated increase in bare soil cover from roughly 10
to 90% (Fig. 4), through decreased interception, diminished soil
sealing and/or reduced resistance to flow (Bodi et al., 2011;
Larsen et al., 2009; Leighton-Boyce et al., 2007; Prats et al.,
2012). Simultaneously, spatial variability in overland flow
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generation among the terraced Eucalypt plots was clearly
smaller than among the non-terraced Eucalypt plots, with run-
off coefficients that differed a factor 1.2 (36-44%) as opposed
to a factor 6 (8-48%). Terracing thus appeared to homogenize
the runoff response at the Eucalypt site to a greater extent than
at the Pine site, eliminating the contrast in pre-terracing spatial
variability between the two study sites (Eucalypt: 8-48% vs.
Pine: 15-32%).

Erosion at the Maritime Pine site

The non-terraced plots at the Maritime Pine site lost, in me-
dian, noticeably less sediments during the initial 7 months
following the fire than during the subsequent 18 months (18 vs.
90 g m™). This discrepancy was to a large extent due to a
marked difference in specific sediment losses per unit of over-
land flow, which, in median, amounted to 0.08 and 0.25 g m™
mm™* runoff, respectively (Fig. 5). A possible explanation was
the higher bare soil cover of the non-terraced plots studied
during the second than first study phase (in average, 15 vs. 0%).
For example, Neris et al. (2013) attributed fire severity-related
differences in inter-rill erosion rates to the presence of a Pine
needle cover, whilst Malvar et al. (2013) explained an increase
in inter-rill erosion rate after logging to the removal of the litter
cover, increasing the bare soil cover. Spatial variability in spe-
cific sediment losses was similarly pronounced during both
study phases, with value ranges that even overlapped (0.05-
0.20 vs. 0.16-0.58 g m™ mm™ runoff).
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Fig. 5. Minimum, median and maximum specific sediment losses
(9 m™ mm* runoff) of the 3 replicate micro-plots at the Eucalypt
(“EUC”) and Pine (“PIN”) study sites over the first, pre-terracing
(“1”) and second, post-terracing (“2”) study phases, with the non-
terraced/terraced plots of the second study phase being indicated as
“nont” and “terr”, respectively.

The median specific sediment losses of this study were low-
er than the average values reported by Prats et al. (2012) for
both their pre- and post-treatment period. The difference, how-
ever, was more striking for the initial 2-3 months following the
wildfire (all plots: 0.51 g m™ mm™ runoff) than for the ensuing
10 months (untreated plots: 0.34 g m™ mm™ runoff). Clearly
higher specific sediment losses were found by Prats et al.
(2013a); they amounted, in median, to some 1.40 g m~ mm™
runoff during the first two post-fire years (untreated plots of
0.25-0.50 m?). This discrepancy could be explained by the
higher fire severity in Prats et al. (2013a) than in this study and

Prats et al. (2012), and, in particular, by the associated, lower
litter cover of mainly post-fire needle cast (see Fig. 4). The
effectiveness of a Pine needle “carpet” to reduce post-fire ero-
sion was suggested by Shakesby et al. (1993), and was later
confirmed by Pannkuk and Robichaud (2003), Cerda and Doerr
(2008) and Neris et al., (2013) through laboratory and field
rainfall simulation experiments. Besides fire severity, also post-
fire logging (Fernandez et al., 2007; Malvar et al., 2013) could
contribute to the comparatively high specific sediment losses in
Prats (2013a).

At the Maritime Pine site, terracing seemed to have a strik-
ing impact on sediment losses (Fig. 5), in spite it did not on
overland flow. The median sediment losses over the second
study phase were more than an order of magnitude higher for
the terraced than non-terraced plots (1213 vs. 90 g m™). This
discrepancy was by and large due to differences in specific
sediment losses (3.18 vs. 0.25 g m™ mm™ runoff), as differ-
ences in median runoff amounted to less than 10%. Terracing
furthermore seemed to reduce spatial variability in specific
sediment losses, at least in relative terms. In the case of the
terraced plots, the values roughly differed a factor 2 (1.48-3.19
g m~ mm™ runoff) as opposed to a factor 4 in the case of the
non-terraced plots (0.16-0.58 g m™” mm™ runoff). Specific
sediment losses were thus also consistently higher at the ter-
raced than undisturbed slope section. The observed difference
in specific sediment losses between the terraced and non-
terraced section of the Pine slope agreed well with their differ-
ence in soil erodibility, as indicated by resistance to shear stress
(in median, 1.3 vs. 2.5 kg cm™; Fig. 6). The same applied,
mutatis mutandis, to the spatial variability in specific sediment
losses, with resistance to shear stress ranging from 0.5 to 2.0 kg
cm™ at the terraced slope part and from 1.0 to 3.5 kg cm™at the
undisturbed slope part. Malvar et al. (2013) likewise found that
specific inter-rill erosion rates following wildfire were signifi-
cantly associated with resistance to shear stress, in spite they
only studied sites that had been ploughed/terraced several years
before the fire. By contrast, Neris et al. (2013) did not find that
soil stability played a clear role in inter-rill erosion rates, when
comparing light and moderate fire severities.
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Fig. 6. Minimum, median and maximum resistance to shear stress
(kg cm™) at the Eucalypt (“EUC”) and Pine (“PIN™) study sites
over the first, pre-terracing (“1”) and second, post-terracing (“2”)
study phases, with the non-terraced/terraced plots of the second
study phase being indicated as “nont” and “terr”, respectively. The
data shown concerned November 2010 (phase 1) and March-May
2011 (phase 2).
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Erosion at the Eucalypt site

At the Eucalypt site, sediment losses over the initial 7-month
period were somewhat higher than at the Maritime Pine site,
amounting to a median value of 25 as opposed to 18 g m™. This
difference was due to markedly higher specific sediment losses
at the Eucalypt than Pine site (in median, 0.16 vs. 0.08 g m™
mm™ runoff; Fig. 5), which thus “compensated” the roughly
20% lower runoff at the Eucalypt site. The ranges in specific
sediment losses, however, strongly overlapped for the two sites
(0.09-0.21 vs. 0.05-0.20 g m™ mm™ runoff), so that no clear
difference existed between the Eucalypt and Pine site in terms
of spatial variability in initial post-fire erosion response.

The initial specific sediment losses at the Eucalypt site stud-
ied here were clearly lower than those at the nearby Eucalypt
stand studied by Prats et al. (2012). Prats et al. (2012: all plots)
reported an average value over the first 2-3 months that was
three times higher than the present median value (0.51 g m™
mm™ runoff). Worth noting was that average specific sediment
losses in Prats et al. (2012) became markedly higher during the
subsequent 10 months (control plots: 1.16 g m™> mm™ runoff),
which the authors largely attributed to the occurrence of two
extreme rainfall events in spring. Even higher specific sediment
losses were observed in a Eucalypt stand in the present burnt
area studied by Prats et al. (2013b), averaging 2.69 g m™~ mm™
runoff over the first post-fire year. The lower specific sediment
losses in this study compared with Prats et al. (2012, 2013b)
could reflect different parent materials, with granite giving rise
to coarser soils than schist (as also observed here).

At the Eucalypt site, sediment losses were hugely different
after than before terracing (Fig. 5). Median sediment losses
were more than two orders of magnitude higher after terracing
than before it (3.663 vs. 25 g m™). This discrepancy mainly
reflected differences in specific sediment concentrations, even
though differences in runoff contributed in a significant manner
too. The specific sediment concentrations were, in median,
around 35 times higher for the second than first study phase
(5.89 vs. 0.16 g m™> mm™ runoff). This contrast could involve
the combined effect of differences in ground cover and differ-
ences in soil erodibility. The average bare soil cover increased
from roughly 10 to 90% from before to after terracing (Fig. 4),
whilst the median resistance to shear stress dropped from 3.0 to
1.0 kg cm™ (Fig. 6).

The 35-fold difference in specific sediment losses between
the post- and pre-terracing phase at the Eucalypt site closely
approximated the corresponding difference at the Pine site
(3.18 vs. 0.08 g m™? mm™ runoff). Nonetheless, the terraced
Eucalypt plots lost, in median, about three times more sedi-
ments than the terraced Pine plots. This could be due to the
markedly higher stone cover of the terraced Pine plots than of
the terraced Eucalypt plots (on average, 8 vs. 63%; Fig. 4),
providing a protective stone lag against rain splash and/or run-
off detachment (Shakesby, 2011; Terry, 1996). Spatial variabil-
ity in sediment losses was of comparable magnitude in the case
of the terraced Eucalypt plots as in the case of the terraced Pine
plots (3,356-5,256 vs. 755-1,607 g m™). At the Eucalypt site,
however, there was no clear suggestion that terracing reduced
spatial variability in erosion response. The specific sediment
losses of the replicate plots at the Eucalypt site varied to similar
extents after than before terracing, at least in relative terms
(5.35-7.27 vs. 0.09 t0 0.21 g m™> mm™* runoff).

Overall erosion assessment

The present data provided a straightforward estimate of an-
nual erosion rates for the Maritime Pine plantation and, in par-
ticular, for the slope part that was not terraced. Over the first
two years following the wildfire, the non-terraced Maritime
Pine plantation lost, in median, 0.5-0.6 Mg ha™ year™ of sedi-
ments. A slightly higher figure (0.7-0.8 Mg ha™ year™) could
be inferred for the Eucalypt plantation, by assuming the same
ratio of sediment losses during the first, pre-terracing study
phase and during the second, post-terracing study phase as
observed at the Pine site. The figures for both sites studied here
were clearly below the median erosion rate of 2 Mg ha™ y™* at
which Shakesby (2011) arrived by reviewing plot-scale studies
after moderate severity fires in the Mediterranean. Even so,
more than half of these plot studies reported post-fire erosion
rates below 1 Mg ha™ y™, which Verheijen et al. (2009, 2012)
proposed as threshold for tolerable soil loss. Nonetheless, other
plot studies in recently burnt Maritime Pine and Eucalypt plan-
tations in the present study region of central Portugal found
markedly higher erosion rates. From these studies, Prats et al.
(2013a) and Prats et al. (2013b) utilized plots of similar dimen-
sions (0.5-1 m?) as the present study. The authors observed
average sediment losses of 3-4 Mg ha™ y™* during the first two
post-fire years in a Pine plantation (Prats et al., 2013a), and 8-9
Mg ha™ yduring the first post-fire year in a Eucalypt planta-
tion (Prats et al., 2013b). Shakesby et al. (1996) and Prats et al.
(2012) (like the bulk of the plot studies reviewed by Shakesby
(2011) employed larger plots and found somewhat lower fig-
ures, amounting to 5-6 Mg ha™ y™ for plantations burnt one to
two year earlier (Prats et al., 2012). The differences in post-fire
erosion rates between the present and cited plot studies are not
easily untangled but they clearly demonstrate that post-fire
erosion can constitute a serious threat for sustainable forestry in
wet Mediterranean regions as studied here.

Arguably, however, post-fire forestry operations are no less
of a threat to land-use sustainability than especially low-
severity wildfires. This includes certain tree-logging practices
(Fernandez et al., 2004, 2007; Malvar et al., 2013) as well as
rip-ploughing in downslope direction (Shakesby et al., 2002;
Terry, 1996). The sediment losses following terracing observed
in this study were clearly less than the 37 Mg ha™ y™* following
downslope rip-ploughing reported by Shakesby et al. (2002) but
they did amount to 24 Mg ha™ y™ in the case of the Eucalypt
site. Post-terracing losses were three times less at the Pine site
(8 Mg ha™ y™) than at the Eucalypt site, but terracing did pro-
duce a more than 10-fold increase in sediment losses at the Pine
site, when compared with the adjacent non-terraced slope sec-
tion.

It is perhaps worth stressing that the post-terracing runoff
and erosion rates reported here cannot be scaled-up directly, as
they concerned trails and, thus, only a relatively minor part of
the terraced area. Nonetheless, they did demonstrate in an une-
quivocal manner that the studied trails were subject to intense
erosion processes, with due implications for their own mainte-
nance and for that of other, connected parts of the study site’s
extensive trail network. The trail at the Eucalypt site did, in
fact, also show extensive rill formation.

CONCLUSIONS

The principal conclusions of this study into the generation of
overland flow at the micro-plot scale and the associated sedi-
ment detachment following a moderate-severity wildfire and
terracing in two contrasting commercial tree plantations in
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north-central Portugal were the following: (i) runoff coeffi-
cients during the first 7 months following the wildfire were
similar for the Pine and the Eucalypt plantation, in spite of the
differences in tree species as well as parent material; they fur-
ther agreed well with the results from prior plot studies in the
study region; (ii) observed/inferred annual erosion rates over
the first two years following the wildfire were also comparable
at the two study sites; they were clearly below the figures re-
ported by other post-fire erosion studies in the study region that
employed micro-plots but agreed well with the majority of plot
studies in the Mediterranean following moderate severity fire;
(iii) terracing seemed to enhance overland flow generation and,
at the same time, reduce its spatial variability at both study
sites, but the impact on runoff volumes was more pronounced
at the Eucalypt than the Pine plantation; (iv) terracing appeared
to increase erosion rates at both study sites to a striking extent,
by at least one order of magnitude; nonetheless the terraced
Eucalypt plots produced three times more sediments than the
terraced Pine plots.
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