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ABSTRACT

Forest fires are a recurrent phenomenon in Mediterranean forests, with impacts for human landscapes and communities, which must be un-
derstood before they can be managed. This study used the physically based Limburg Soil Erosion Model (LISEM) to simulate rainfall–runoff
response, under soil water repellent (SWR) conditions and different stages of vegetation recovery. Five rainfall–runoff events were selected,
representing wet and dry conditions, spread over two years after a wildfire which burned eucalypt and maritime pine plantations in the
Colmeal experimental micro-catchment, central Portugal. Each event was simulated using three Leaf Area Index (LAI) estimates: indirect
field-based measurements (TC–LAI), NDVI-based estimates derived from Landsat-5 TM and Landsat-7 ETM+ imagery (NDVI–LAI),
and the LAI of a fully restored canopy to test model sensitivity to interception parameters. LISEM was able to simulate events in relative
terms but underestimated peak runoff (r2 = 0·36, mean error =�31%, and NSE=�0·15) and total runoff (r2 = 0·52, mean error =�15%
and NSE= 0·09), which could be related to the presence of SWR or saturated areas, according to pre-rainfall soil moisture conditions. The
model performed better for individual hydrographs, especially under wet conditions. Modelling the full-cover scenario showed minor sensi-
tivity of LISEM to the observed changes in LAI. NDVI–LAI data gave a close to equal model performance with TC–LAI and therefore can
be considered a suitable substitute for ground-based measurements in post-fire runoff predictions. However, more attention should be given
to representing pre-rainfall soil moisture conditions and especially the presence of SWR. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

Wildfires are a frequent phenomenon in the European
Mediterranean region (Shakesby, 2011). The heating of
soil by fire can change various physical, chemical, and
biological characteristics such as water repellency (Doerr
et al., 2000; Malvar et al., 2015), aggregate stability
(Mataix-Solera et al., 2011), organic matter and nutrient
content (De la Rosa et al., 2012), and composition of mi-
crobial communities (Certini, 2005). Clogging of soil
pores with ashes, fire-enhanced or -induced soil water re-
pellency, and soil surface sealing by enhanced raindrop
impact may cause reduced infiltration and, thus, affect
the hydrological response (Shakesby, 2011; Bodí et al.,
2013; Malvar et al., 2013; Bodí et al., 2014; Vieira
et al., 2015). Depending on burn severity, vegetation
cover can be damaged or burnt completely, resulting in
a decrease in ground coverage and therefore also in inter-
ception, storage capacity, and flow resistance (Ferreira
et al., 2005, 2008; Esteves et al., 2012; Keesstra et al.,
2014). These changes to soils and vegetation influence
the hydrological and erosion response of the burnt sites
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(Ferreira et al., 2008, 2015; Malvar et al., 2013; Malvar
et al., 2011; Martins et al., 2013; Prats et al., 2013,
2015). These changes occur during a period referred to
as the window of disturbance, which can last from
3months till several years after the fire while soils and
vegetation recover, and are linked to downstream risks
because of flooding, silting up of reservoirs and pollution
of surface water bodies (Shakesby & Doerr, 2006;
Shakesby, 2011).
Wildfire occurrence has increased in the Mediterranean in

the past decades (Shakesby, 2011), stressing the need for ac-
curate post-fire hydrological catchment response predictions
in order to estimate flood risk and assess the potential impact
of mitigation measures. Models have often been used for
prediction and management in Mediterranean agro-forestry
watersheds (Keesstra et al., 2009; Nunes et al., 2013;
Bisantino et al., 2015; Borrelli et al., 2015). However, there
are not many studies on post-fire runoff and erosion model-
ling (Moody et al., 2013).
In fact, modelling post-fire hydrological response of a

burnt catchment can still constitute a challenge because
hydrological processes in burnt catchments are still
poorly understood, due to the interactions between catch-
ment properties, fire-driven vegetation and soil changes,
and post-fire forestry operations such as salvage logging
or bench terracing, which are highly variable in time
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during the window of disturbance (Shakesby, 2011;
Malvar et al., 2013; Moody et al., 2013). Process under-
standing has been hampered by the lack of post-fire
catchment-scale studies (Shakesby, 2011).
Studies applying continuous models to Mediterranean

burnt areas have pointed to the importance, for adequate
runoff simulations, of representing vegetation destruction
and recovery (Soto & Díaz-Fierros, 1998; Morrison &
Kolden, 2015; Moussoulis et al., 2015) and soil water
repellency (Esteves et al., 2012; Vieira et al., 2014). For
predictions during individual large storms, Chen et al.
(2013) have shown the importance of simulating the tran-
sition between saturation-excess to infiltration-excess run-
off generation, which could also reflect repellency
conditions; few studies have focused on vegetation recov-
ery at this scale.
The recovery of vegetation is generally considered one of

the controlling factors in restoring pre-fire hydrological condi-
tions (Shakesby & Doerr, 2006; Mayor et al., 2007). Several
studies have successfully quantified post-fire recovery using
the Normalised Difference Vegetation Index (NDVI) derived
from satellite imagery (Viedma et al., 1997; Van Leeuwen
et al., 2010; Vogelmann et al., 2011). NDVI has been found
to correlate well with Leaf Area Index (LAI; Lillesand et al.,
2008), which is commonly used in process-based rainfall–
runoff models to represent land cover (Jonckheere et al.,
2004). The use of remote sensing images for vegetation mon-
itoring and its integration in post-fire runoff modelling has
also been proposed to facilitate and enhance post-fire runoff
response prediction (Drake & Vafeidis, 2004; Vafeidis et al.,
2007; Morrison & Kolden, 2015). On the other hand, there
are still few applications incorporating soil water repellency
in post-fire models (Nunes et al., 2016).
The aim of this study was to assess the performance of a

process-based rainfall–runoff model, in this case the
Limburg Soil Erosion Model (LISEM; De Roo et al.,
1996), in a post-wildfire environment in the Mediterranean
Basin, using both ground- and space-based measurements
of LAI. The study area was a micro catchment in Central
Portugal, monitored over two years after a fire that burnt
almost the total area. Ground-based LAI measurement
methods were indirect and related with time-consuming
Figure 1. Catchment characteristics of Colmeal: land units, land use and manag
contour lines with 50-m interval and

Copyright © 2016 John Wiley & Sons, Ltd.
groundcover monitoring at several small scale plots, while
space-based measurements used NDVI from Landsat
imagery and established an NDVI–LAI relationship for
local vegetation. Model performance was also assessed
according to different conditions of soil water repellency
measured in the field.
MATERIALS AND METHODS

Study Area

The study area was located near Colmeal in the Coimbra
District of north-central Portugal (coordinates: 40° 08′ 46″
N, 7° 59′ 35″ W). On the 27 August 2008, a wildfire burnt
a forest area of around 70 ha, including the Colmeal experi-
mental catchment of approximately 11 ha. Colmeal lies in a
transition zone between an Atlantic and a Mediterranean cli-
mate. Precipitation varies between 1400 and 1600mm. The
soil originates from schist parent material, corresponding
to predominantly humic Cambisols according to the FAO-
2006 classification (De la Rosa et al., 2012). The Colmeal
catchment was dominated by eucalypt plantations (Eucalyp-
tus globulus Labill), together with a pine stand (Pinus
pinaster Ait.) (Figure 1). Most of the eucalypt plantations
had three different types of pre-fire land management opera-
tions: contour ploughing (unit III), terracing (unit IV), and
downslope ploughing (unit V). Following the wildfire, parts
of the catchment were logged and terraced, whereas other
parts were not intervened. The area was intensively moni-
tored after the wildfire, with research done on changes
potentially affecting hydrological behaviour such as soil
properties (Otero et al., 2015), soil organic matter (De la
Rosa et al., 2012), vegetation recovery (Maia et al., 2012),
runoff toxicity (Campos et al., 2012), and post-fire runoff
and erosion control (Prats et al., 2013).

LISEM

LISEM is a process-based hydrological and soil erosion
model that was developed to simulate runoff and erosion
from individual rainfall events at the catchment scale (De
Roo et al., 1996). In LISEM, LAI is used to estimate maxi-
mum canopy storage capacity as well as a correction factor
ement characteristics, and transect locations (A), and elevation (m.a.s.l.),
the location of the outlet (B).

LAND DEGRADATION & DEVELOPMENT, 27: 1535–1544 (2016)
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for vegetation density in the empirical interception equation
by Aston (1979):

Icum ¼ cp�Smax� 1� e�k
Pcum
Smax

� �
� (1)

Where:
Icum = Cumulative interception (mm)
cp = Vegetation cover fraction (—)
Smax= maximum canopy storage capacity

¼ 0:935þ 0:498·LAI–0:00575·LAI2� (2)

k = Correction factor for vegetation density (—)

¼ 0:046·LAI � (3)

pcum= Cumulative rainfall (mm).
In turn, Equations 2 and 3 were proposed by Hoyningen-

Huene (1983).
For modelling purposes, the catchment was subdivided

in five land-cover/-management units (Figure 1B). The
same soil type (humic Cambisol) was assumed for all five
units.
Model parameters were determined by data collection in

the field, literature study, or empirical analysis. Because
LISEM was applied using the one-layer Green–Ampt infil-
tration equation with a 10-min time step, the associated soil
parameters were saturated hydraulic conductivity (Ksat), av-
erage suction at the wetting front (ψf), and saturated soil
moisture content (θs). These were estimated by applying
pedotransfer functions (Rawls et al., 1982; Saxton & Rawls,
2006) to soil texture data from 22 sample points within the
burnt area (Faria, 2009). The vegetation cover parameter
(COV%) was derived from 1- to 3-monthly field assessments
in 2009 and 2010 that were carried out along a fixed transect
in each of the five land units (Figure 1). Also soil depth (d)
and soil surface roughness (RR) were measured along these
transects, while the Manning’s coefficient (n) was estimated
from this data (Dingman, 2008).
Rainfall was measured using three tipping-bucket rainfall

gauges located within the catchment, and recorded at 10-min
intervals. Stream flow was measured by recording water
level in an H-type flume at 2-min intervals using an ultra-
sound water level sensor.
For this study, five rainfall events were selected over two

years after the wildfire. The events had to occur during con-
trasting initial soil moisture conditions (dry vs. wet season)
and when good-quality Landsat-5 TM or Landsat-7 ETM+
images were available.
The performance of LISEM was assessed by comparing

simulated and measured stream flow using the Nash-Sutcliffe
model efficiency coefficient (NSE; Beven, 2012) and the coef-
ficient of determination (r2). Because LISEM does not simu-
late baseflow, it was extracted from streamflow using the
automated baseflow separation technique proposed by Arnold
et al. (1995).
Both event and within-event model performance were eval-

uated. Event performance concerned the events’ total discharge
(L) and peak runoff (Ls�1), while within-event performance
Copyright © 2016 John Wiley & Sons, Ltd.
concerned the shape and timing of the hydrograph.
Model performance was considered to be satisfactory
when r2 was above 0·36 and good when r2 was above
0·75, while an NSE of 0·5 was considered to indicate
good model performance (Motovilov et al., 1999; Nunes
et al., 2009).
As several soil parameters were derived from empirical

pedotransfer functions, soil parameters were calibrated
within the boundaries considered realistic for each
parameter.

Estimation of LAI

In this study, LAI was determined by two different methods.
The first method (TC–LAI), was based on field measure-
ments of ground cover, which were then converted into
LAI estimates using the light extinction coefficient follow-
ing Deguchi et al. (2006):

LAI ¼ �Ln 1� GCð Þ
K

� �
þ LAIphen� (4)

Where:
LAI = Leaf Area Index (m2m�2)
GC = Ground cover (—)
K = Light extinction coefficient (—).
LAIphen= Phenological Leaf Area Index (m2m�2).
Because re-sprouting eucalypt trees were not included in

the ground cover measurements, their contribution to TC–
LAI was estimated based on the tree age at the time of each
rainfall event. The resulting estimates were validated
through comparison with previous studies (Valentini et al.,
1995; Scurlock et al., 2001; Hoff et al., 2002) combined
with local knowledge.
The second method (NDVI–LAI) used NDVI data from

Landsat-5 TM and Landsat-7 ETM+ imagery with a spatial
resolution of 30m, which were then converted into LAI es-
timates also using the light extinction coefficient and the
semi-empirical approach described by Baret & Guyot
(1991). NDVI was derived from the reflectance values of
bands 3 (red) and 4 (near-infrared NIR):

NDVI ¼ ρNIR � ρRED

ρNIR þ ρRED
(5)

Where:
NDVI = Normalised Difference Vegetation Index (—)
ρNIR = reflectance value of the near infrared band (—)
ρRED = reflectance value of the red band (—).
Three Landsat-5 Thematic Mapper (TM) images of path

203/row 32 were used to estimate NDVI on 17 June 2009,
15 October 2009, and 24 November 2009, whereas two
Landsat-7 ETM+ of path 204/row 32 were used to estimate
NDVI on 21 June 2010 and 28 November 2010. A state of
complete regrowth was reproduced by a Landsat-7 ETM+
image acquired on 1 March 2013. The Landsat images were
corrected geometrically and radiometrically. Scene-to-scene
variability was reduced by converting radiance into reflec-
tance, following Chander et al. (2009) and Chander &
LAND DEGRADATION & DEVELOPMENT, 27: 1535–1544 (2016)
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Markham (2003). The LAI–NDVI relation was derived from
Baret & Guyot (1991):

LAI ¼ � 1
K

� �
Ln a 1� b*NDVIð Þð Þ (6)

Where:
LAI= Leaf Area Index (—)
K = Light extinction coefficient (—)
a = NDVI∞ limiting value of NDVI for large LAI values

(—)
b = NDVIsoil�NDVI∞, reflectance variation between the

soil (NDVIsoil) and the infinite canopy (NDVI∞) (—).
A light extinction coefficient (K) of 0·45 and 0·42 was

used for the pine stand and eucalypt plantations respectively,
based on the authors’ recommendations. This relationship
was successfully tested by Viedma et al. (1997) for post-fire
vegetation regrowth in a Mediterranean climate, where it
was shown to be suitable for the early stages of post-fire
vegetation recovery, with low NDVI values, because of its
asymptotic behaviour.

Soil Water Repellency

Soil water repellency was measured according to the ‘Mo-
larity of Ethanol Droplet’ test (MED; Doerr, 1998). During
the first two years after the wildfire, repellency measure-
ments were performed following the same experimental de-
sign as in Keizer et al. (2008). The measurements were done
monthly at 5 equidistant point along 25 to 30-m transects
that were laid out from the bottom to the top of the slope
at shifting positions across the slope. In data analysis, the
nine ethanol concentrations used (0, 1, 3, 5, 8·5, 13, 18,
24, and 36%) were aggregated into five repellency severity
classes. These classes were based on their frequency of oc-
currence and the classes typically used in the study region
(Keizer et al., 2008; Santos et al., 2013): extremely water re-
pellent (E: ≥ 36%), very strong water repellent (V: 18 to
36%), moderate/strong water repellent (M: 8·5 to 18%), wet-
table (W: 5 to 8·5%), and very wettable (VW: 0 to 5%).
Figure 2. Statistical distribution of ground-based LAI measurements for Pinus pin
TC–LAI relation (A) and the NDVI–LAI relation (B). Including the st

Copyright © 2016 John Wiley & Sons, Ltd.
RESULTS AND DISCUSSION

LAI Determination

Figure 2 shows the results of TC–LAI (ground-based mea-
surements, Equation 2) and NDVI–LAI (satellite-based
measurements, Equation 4), while their spatial distribution
is represented in Figure 3. Both methods revealed an initial
increase in LAI with time, as vegetation quickly recovered
after the fire. This was followed by a small dip in LAI during
summer of 2010, which can be related to dry summer condi-
tions, after which LAI quickly stabilised again. The TC–LAI
showed lower initial values than NDVI–LAI at the start of
vegetation recovery and, in contrast, higher values during
the summer 2010 dip; variability was also much higher in
TC–LAI than in NDVI–LAI. Eucalypt rendered overall
higher LAI values with both estimation methods than pine,
which is characteristic for their fast regrowth in burnt areas.
Using Equation 2, this led to Smax estimates between 1·4mm
in mid-2009 and 1·9mm in late 2010.

Soil Water Repellency

Throughout the study period, soil water repellent (SWR) oc-
curred in both the pine and eucalypt stands, but tended to be
stronger and more persistent in the latter, similar to what was
reported by Doerr et al. (1996) and, for long unburnt stands,
by Keizer et al. (2005) and Santos et al. (2013). In 2009,
SWR followed the expected patterns (Keizer et al., 2008;
Malvar et al., 2015) with low values in winter when soils
were wetter, and high values in spring, summer, and autumn
when soils were drier. In 2010, however, repellency in the
pine stand was much lower than in the first year, although
still stronger in the dry seasons; while in the eucalypt stand
it increased throughout the year. Vieira (2015) proposed that
such changes could be related with post-fire SWR evolution,
rather than with soil moisture conditions; the higher values
in 2009 than in 2010 could indicate the initial enhancement
of SWR by fire followed by its slow disappearance, as also
observed by Tessler et al. (2008).
aster Ait. cover and Eucalyptus globulus Labill. cover over time, using the
atistical distribution of the full cover LAI values for comparison.

LAND DEGRADATION & DEVELOPMENT, 27: 1535–1544 (2016)



Figure 3. Spatial distribution of ground-based LAI measurements for Pinus pinaster Ait. cover and Eucalyptus globulus Labill. cover over time, using the
TC–LAI relation (A to E) and the NDVI–LAI relation (F to K).
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Implementation of LISEM

Table I gives the ranges of the field-measured values for
groundcover (COV%), random roughness (RR), Manning’s
n (n), and soil depth (d) and the estimated values for the soil
parameters related to the Green–Ampt one-layer method of
LISEM. Rainfall input data for each event is given in
Table II. Total streamflow was clearly related with total rain-
fall, even though the difference between the two largest events
was probably also related with catchment wetness, as
expressed by initial baseflow. In contrast, peak streamflow
Table I. LISEM input parameters

Input Abbreviation Unit

Plant cover COV% Fraction 0–
Random roughness RR cm 2·
Porosity θs cm3 cm�3 0·
Initial soil moisture content θi cm3 cm�3 0·
Soil water tension at wetting front ψf cm 11

Saturated hydraulic conductivity Ksat mmh�1 40
Soil depth d mmh�1 30
Manning’s n n — 0·

Table II. Characteristics of rainfall events. Event codes represent the da

Event
code

Total
rainfall
(mm)

Duration
(hh:mm)

Average rainfall
intensity (mmh�1)

M
inte

20090606 8·2 01:50 4·47
20091007 15·2 02:20 6·51
20091230 16 04:10 3·84
20100610 5·6 01:40 3·36
20101030 22·6 02:40 8·48

Copyright © 2016 John Wiley & Sons, Ltd.
seemed to be equally related with total rainfall and average
rainfall intensity, but not with maximum rainfall intensity.
The event with the highest streamflow was also the one with
the lowest SWR conditions.

Event Predictions

Figure 5 shows the performance of LISEM for peak and total
runoff prediction. LISEM performed worse in predicting run-
off peak than total runoff; the coefficient of determination was
satisfactory in both cases, although better for total runoff, but
Pine Eucalypt Source

0·2275 0–0·115 Field
11 1·84–3·91 Field
2592 (±0·0158) 0·5544 (±0·0078) Saxton & Rawls (2006)
2876 (±0·0178) 0·5456 (±0·059) Saxton & Rawls (2006)
·01 11·01 Rawls et al. (1982);

Chow et al. (1988)
·41 (±10·73) 59·22 (±13·24) Saxton & Rawls (2006)

100–300 Field
06 0·035–0·05 Dingman (2008)

te of each event in the format year +month + day

ax. 10min
nsity (mmh�1)

Initial
baseflow
(L s�1)

Total surface
runoff (L)

Runoff peak
(L s�1)

40·80 3·30 26254·13 31·34
22·80 1·43 40955·92 27·13
26·00 14·59 65100·26 22·11
28·80 4·37 5129·00 2·80
44·40 3·87 57376·88 27·65

LAND DEGRADATION & DEVELOPMENT, 27: 1535–1544 (2016)



Figure 4. Frequency of seasonal soil water repellency in Pinus pinaster Ait.
(A) and Eucalyptus globulus Labill (B) stands over 2009 and 2010, where E
is extremely water repellent, V is very strong water repellent, M is moderate

strong water repellent, W is wettable, and VW is very wettable.
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the NSE did not indicate satisfactory performance in either
case, although it increased from negative to positive values
between runoff peak and total rates. Because the model had
acceptable results in relative terms, poor NSE results are
mostly related to the underestimation of the runoff peak and
total runoff in four out of five events, with an average error
of �15% and �31% respectively. Only event 20100610
Figure 5. Overall model performance LISEM for total runoff (A) and peak runoff (
relationship (blue), and full

Copyright © 2016 John Wiley & Sons, Ltd.
approximated closely the measured runoff peak, while event
20101030 showed an overestimation of total runoff.
There were no noticeable differences for model perfor-

mance between the TC–LAI and NDVI–LAI estimates; dif-
ferences between those and the full cover estimate were only
noticeable for the three larger storms, leading to further un-
derestimation (�18% for total runoff and �32% for peak
runoff). These differences did not lead to important changes
to either the coefficient of determination or the NSE.
Looking closer at Figure 5A, the event of June 2009

(20090606) can be considered an outlier. The underestimation
of this event coincided with the large extent of SWR during
the summer of 2009 (Figure 4). Excluding this event markedly
improved model performance in terms of runoff peak
(r2 =0·96 and NSE=0·87).
The event of December 2009 (20091230) can be consid-

ered an outlier when examining Figure 5B. LISEM strongly
underestimated total runoff, despite low SWR during the
winter of 2009. However, this event involved a relative high
initial baseflow, which can be considered an indicator of the
presence of extended saturated areas (Nunes et al., 2009;
Beven, 2012). Excluding this event caused the model perfor-
mance to improve in terms of predicting total runoff
(r2 = 0·85 and NSE=0·31).

Hydrograph Predictions

Figure 6 provides a closer look at within-event model per-
formance. LISEM performed considerably better for indi-
vidual events than for overall model performance, with all
events having r2 and NSE above the thresholds for satisfac-
tory or good model performance except for NSE in event
20090606. In fact, model performance was clearly worse
for the two events during dry antecedent weather conditions
(June 2009 and 2010) than for the three events under wet an-
tecedent weather conditions. In event 20090606, LISEM
was not able to simulate the high peak flow resulting from
a relatively small storm (Figure 6A), while in event
20100610 LISEM was able to simulate the total and peak
runoff but not the hydrograph shape (Figure 6D). As for
the remaining events under wet conditions, all had r2 and
NSE above the threshold for good model performance
B), evaluated with r2 and NSE for TC–LAI relationship (black), NDVI–LAI
-cover scenario (red).

LAND DEGRADATION & DEVELOPMENT, 27: 1535–1544 (2016)



Figure 6. Within-model performance for events 20090606 (A), 20091007
(B), 20091230 (C), 20100610 (D), and 20091030 (E), evaluated with r2

and NSE for TC–LAI relationship (black), NDVI–LAI relationship (blue),
and full-cover scenario (red).
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although in event 20091230 (considered an outlier for total
runoff) LISEM under-predicted flow rates throughout the
entire event (Figure 6C).
The differences between TC–LAI, NDVI–LAI and full

cover were even smaller than when considering total events.
The only slightly noticeable impact was that of full cover for
the longer rainfall events, resulting as a decrease in flow in
peaks during the latter part of these storms (Figure 6B, C,
and E). Changing LAI estimate had little impact on model
performance, only being noticeable as a slight increase in
NSE for event 20101030. The impacts of the full cover
LAI in lowering total runoff were therefore mostly visible
for accumulated event runoff.

Impact of LAI Estimation Method

Despite the differences between the NDVI–LAI and TC–LAI
relationships (Figure 2), LISEM had an equal performance
with both LAI inputs both at the event scale (Figure 5) and
within events (Figure 6). Several explanations can be given
for this outcome. First, the vegetation did not reach full cover
in the monitoring period; LAI values ranged between 1 and 2,
while full cover is close to 4. The low vegetation cover led to
relatively small interception losses; therefore, a more detailed
input for LAI was prone to stay unnoticed by the model, as the
fraction of change could be too small to have a noticeable
effect on the total discharge. Second, even developed pine
and eucalypt stands show relatively low interception losses,
especially in stronger rainstorms (Valente et al., 1997), which
would have additionally masked differences in LAI estimation
methods. Third, vegetation management in the catchment lim-
ited the advantage that remotely sensed vegetation data might
provide in terms of detecting heterogeneity in vegetation
cover, something that usually is not easily captured by field
point measurement data. Colmeal, with its main land use of
eucalypt plantations, showed a rather homogeneous vegeta-
tion cover, which is also reflected in the similar ranges of
TC–LAI and NDVI–LAI input values in Figure 2.
Finally, LISEM is less sensitive than similar models when

simulating the impacts of vegetation on runoff, as shown by
the model comparison study by Nearing et al. (2005). There-
fore, the performance of LISEM in a post-fire scenario might
be more dependent on soil related processes than on the inter-
ception capacity of the vegetation, which would limit the differ-
entiation between the TC–LAI and NDVI–LAI estimation
methods. In fact, LISEM only showed sensitivity to full cover
LAI for the events with higher rainfall totals (Figure 5). The im-
pact of higher LAI values, through higher interception storage
capacity Smax, was cumulative, andmore noticeable as the event
progressed and rainfall accumulated (Figure 6 B, C, and E),
leading to slightly lower peaks. These arguments indicate that
LISEM showed low sensitivity to vegetation cover, through a
combination of low interception rates for plantation pines and
eucalypts in Portugal (which the model correctly simulated)
and low sensitivity of LISEM’s interception module. This im-
plies that vegetation cover data is not important for runoff
modelling in burnt catchments, although it could be more im-
portant for erosion modelling.
LAND DEGRADATION & DEVELOPMENT, 27: 1535–1544 (2016)
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In this context, and based on the comparable results for TC–
LAI and NDVI–LAI, the NDVI–LAI relationship can be con-
sidered a substitute for ground-based LAI measurements for
themonitoring of vegetation regeneration and, therefore, can fa-
cilitate the implementation of post-fire rainfall–runoff model-
ling in similar regions. While TC–LAI results can be easily
monitored in the field because of the homogeneity of vegetation
cover in plantations, NDVI–LAI offers a cheaper and easier al-
ternative, also for analyses which are not started immediately
after a fire. Moreover, it is possible that fires in a more hetero-
geneous environment in terms of vegetation cover (e.g.
shrublands, natural growth forests) or with important variations
of post-fire severity could allow NDVI–LAI to potentially im-
prove modelled runoff response more than in the present study.
Moreover, groundcover can vary with climatic region and for-
est management, making NDVI–LAI a suitable alternative for
using literature values.

Impact of SWR and Soil Moisture Conditions in Model
Performance

The general underestimation of the runoff peak and total
runoff can be related to post-fire conditions in the catchment.
The SWR data (Figure 4) showed that repellency was partic-
ularly severe during the first period after the wildfire, espe-
cially for the storms which occurred in 2009. LISEM
underpredicted flows, especially peak flows, for the dry
summer storm in June 2009 but not in July 2010, which
can be related with the high summer SWR in 2009 but
(unusually) low in 2010. Similarly, but less explicitly,
LISEM underestimated flows for the storm in autumn 2009
under prevalent SWR conditions, but overestimated flows
for the autumn 2010 storm when SWR was less prevalent
(see Figure 2 and Figure 6). Not including SWR in models
for this region, especially in burnt areas, usually leads to
underestimating runoff generation (Vieira et al., 2014;
Nunes et al., 2016), and therefore this could also explain
the underestimation of flows in these conditions. In contrast,
the underestimation for the storm in winter 2009 could be
linked with the opposite problem, the presence of extensive
saturated areas. Similar physically based models under sim-
ilar circumstances are sensitive to high saturation conditions
when modelling runoff (Nunes et al., 2009).
Overall, these results indicate that incorporating more in-

formation about soil moisture and their consequences, in
particular SWR and saturation, would be more important
than a correct representation of interception through LAI.
Relatively simple approaches to address both issues have
been proposed, from modifying soil water holding parame-
ters in SWR (Vieira et al., 2014; Nunes et al., 2016) to using
a topographic wetness index and antecedent baseflow to es-
timate the extent of saturated areas (Nunes et al., 2009); both
could be tested in the future for the Colmeal catchment.
CONCLUSIONS

The Colmeal study area was monitored two years after a wild-
fire. Soil water repellency was strong in the first year,
Copyright © 2016 John Wiley & Sons, Ltd.
especially in the driest months, but declined after the first win-
ter. Vegetation recovered quickly during the first year, and
more slowly afterwards; eucalypts were close to recovered af-
ter two years. The LISEMmodel was tested for runoff predic-
tions during this period. The model showed an acceptable
performance for simulating relative differences between peak
and total flows, but not for actual values. This could be attrib-
uted essentially to an underestimation of flow peaks when
SWR was prevalent, and an underestimation of total flow
when soil saturation could be expected. In contrast, LISEM
showed little sensitivity to the interception simulation, which
could be attributed both to the model itself and to the low in-
terception rates of plantation forests in this region. The results
indicate that LISEM is not sensitive to the methods used to in-
troduce vegetation cover, and therefore the use of remote sens-
ing could provide a cheap and reliable alternative for runoff
simulation in burnt areas, potentially with added benefits
when used for areas with heterogeneous vegetation cover or
burn severity. In contrast, soil hydrological conditions, and
in particular the presence of SWR and saturated areas, showed
a higher impact, and future simulations of runoff in burn areas
should include approaches to address them.
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