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Abstract

Fire can considerably change hydrological processes, increasing the risk of extreme
flooding and erosion events. Although hydrological processes are largely affected by
scale, catchment-scale studies on the hydrological impact of fire are scarce, and nested
approaches are rarely used. Taking a unique approach, we performed a catchment-
scale experimental fire to improve insight into the drivers of fire impact on hydrology. In
north-central Portugal, rainfall, canopy interception, streamflow and soil moisture were
monitored in shrub-covered paired catchments pre- and post-fire. Post-fire runoff coef-
ficients were higher than pre-fire, and fire changed the rainfall-streamflow relationship
— although the increase in streamflow was only significant at the subcatchment-scale.
Fire also increased the response of topsoil moisture to rainfall, and caused more rapid
drying of topsoils after rain events. Since soil physical changes due to fire were not ap-
parent, we suggest that changes resulting from vegetation removal played an important
role in increasing streamflow after fire, namely: (1) increased effective rainfall and de-
creased transpiration — increasing the amount of water available for (sub)surface runoff,
(2) more rapid development of soil water repellency and decreased surface water stor-
age — increasing overland flow risk, (3) more rapid breakdown of post-fire soil water
repellency — increasing infiltration during extended rain events. Results stress that fire
impact on hydrology is largely affected by scale, highlight the hydrological impact of fire
on small scales, and emphasize the risk of overestimating fire impact when upscaling
plot-scale studies to the catchment-scale. Finally, they increase understanding of the
processes contributing to post-fire flooding and erosion events.

1 Introduction

Wildfires can increase a landscape’s vulnerability to major flooding and erosion events
(Shakesby and Doerr, 2006). By removing vegetation cover, changing soil properties
and inducing soil water repellency, fire can increase runoff which can lead to floods and
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erosion (Cerda and Robichaud, 2009). The impact of fire is however largely affected
by scale. Despite this scaling challenge, which is universal across all hydrological
problems (Bloschl and Sivapalan, 1995), catchment-scale studies on the hydrological
impact of fire are scarce. Even though controlled fire experiments can give valuable
insight into the drivers of fire-induced hydrological changes and effects of scale, to date
catchment-scale controlled fire experiments have not been performed and particularly
nested approaches are rarely used. Taking a unique approach, this paper presents a
catchment-scale experimental fire study that assesses fire impact on hydrology using
paired catchments and a nested approach.

The impact of fire on hydrological processes is generally attributed to the effects
of fire-induced soil changes and vegetation removal (Shakesby and Doerr, 2006). By
removing vegetative cover, fire increases raindrop impact on bare soil, and reduces
storage of rainfall in the canopy, thus increasing the amount of effective rainfall. More-
over, the removal of vegetation causes a major drop in transpiration, reducing depletion
of soil water by plants (Silva et al., 2006) thus creating more favorable conditions for
runoff. Since the heat of fire can cause considerable damage to the soil system (Cerda
and Robichaud, 2009; Stoof et al., 2010b), high soil temperatures during fire can ad-
ditionally affect post-fire hydrological processes. Of particular importance in post-fire
hydrology is reduced infiltration resulting from, for instance: (1) possible pore-clogging
by infiltrated ash (Balfour and Woods, 2007; Onda et al., 2008; Stoof et al., 2010b),
(2) development of soil water repellency during fire (DeBano, 2000b), and (3) occur-
rence of surface sealing due to the increased exposure to raindrop impact (Larsen et
al., 2009; Llovet et al., 2008). In addition, pronounced soil heating can reduce soil
water retention capacity (Stoof et al., 2010b) and also contribute to a changed post-fire
rainfall runoff response.

Given the abovementioned changes in effective rainfall, transpiration, water infiltra-
tion and retention, fire tends to increases the runoff coefficient, or the fraction of rainfall
converted to runoff (Onda et al., 2008; Rosso et al., 2007; Rulli et al., 2006; Scott
and Van Wyk, 1990). As a result, a number of studies have reported initial increases
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in overland flow (Beeson et al., 2001; Johansen et al., 2001; Prosser and Williams,
1998) and peakflow volume after fire (Brown, 1972; Gottfried et al., 2003; Scott, 1993;
Seibert et al., 2010), explaining the increased vulnerability of burned areas to flood-
ing events. Observed increases in annual and dry season streamflow (Brown, 1972;
Hibbert, 1967; McMichael and Hope, 2007; Meixner and Wohlgemuth, 2003) can fur-
thermore contribute to flooding as a cumulative effect. Since the hydrological impact of
fire is related to soil and vegetation changes, the longevity of the hydrological impact is
related to the recovery time of soil and vegetation, which varies between ecosystems
and can be as rapid as a few years but also as long as many decades (Shakesby and
Doerr, 2006).

As mentioned, hydrological processes are highly affected by scale, both in burned
and unburned systems (Bloschl and Sivapalan, 1995; Shakesby and Doerr, 2006;
Van der Velde et al., 2010). Due to the effects of mixing and filtering (Skaien et
al., 2003) and reduced hydrological connectivity at larger scales (Bracken and Croke,
2007; Cammeraat, 2002), changes observed at the plot-scale tend to overestimate
changes occurring at the hillslope- or catchment-scale (e.g. Doerr et al., 2003; Prosser
and Williams, 1998). For example, increased patchiness and storage at the catchment
scale (Ferreira et al., 1997) can facilitate infiltration of runoff downslope, which reduces
overland- and streamflow volumes. Because of the pronounced effect of scale on post-
fire hydrology, fire effects on flooding risk are best assessed at the catchment scale.
Yet, as previously noted, catchment scale hydrological studies assessing fire impact
are scarce (Shakesby and Doerr, 2006; Shakesby, 2011).

Although controlled fire experiments are a useful tool for assessment of fire impact
in the field, such experiments have to date been restricted mostly to plot and hillslope
scales. As a result, catchment-scale fire studies are limited to impact assessment of
accidental wildfires in previously or actively monitored watersheds (e.g. Brown, 1972;
Meixner and Wohlgemuth, 2003; Scott, 1993), or post-fire assessment of the hydrol-
ogy of burned catchments (Mayor et al., 2007; Moody and Martin, 2001). In both
cases, knowledge of the degree of soil heating during the fire and subsequent impact
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on soil properties is unknown, thus hindering assessment of all factors contributing
to hydrological change. Moreover, despite the high fire occurrence in the European
Mediterranean (Moreira et al., 2001; Pausas, 2004), catchment-scale wildfire studies
have only been conducted in the USA (Gottfried et al., 2003; Meixner and Wohlige-
muth, 2003; Nasseri, 1989; Seibert et al., 2010), South Africa (Scott and Van Wyk,
1990; Scott, 1993, 1997) and Australia (Brown, 1972; Langford, 1976; Prosser and
Williams, 1998), and at just two locations in the European Mediterranean (Lavabre et
al., 1993; Mayor et al., 2007). Better understanding of the hydrological impact of fire at
the catchment-scale can improve understanding and prediction of the risk of flooding
in burned areas.

The purpose of the present study was to evaluate the impact of fire on hydrological
processes and the causes of any changes at the catchment scale. A catchment-scale
experimental fire was performed in a region of Portugal seriously affected by fires and
post-fire land degradation. This paper focuses on the short-term (< 1 yr) effects of fire
on (soil) hydrology, and discusses the effects of scale as well as the value of experi-
mental fire research at the catchment scale.

Our main hypothesis follows the reviewed literature and is that fire alters catchment
hydrology as a result of reduced canopy interception and an increased occurrence of
soil water repellency. Because post-fire streamflow volumes are larger and streamflow
response to rainfall events is more rapid, flooding risk is increased. To test this hypoth-
esis and to improve understanding of fire-induced hydrological changes, the effects of
fire on streamflow and soil moisture were studied using paired catchments, and the
importance of rainfall, canopy interception and soil moisture in streamflow generation
was assessed.

4057

Joadeq uoissnosiq | Jadeq uoissnosig

it

Jaded uoissnosiqg

HESSD
8, 4053-4098, 2011

Hydrological
response of a small
catchment burned by
experimental fire

C. R. Stoof et al.



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/4053/2011/hessd-8-4053-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/4053/2011/hessd-8-4053-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2 Methods
2.1 Research catchments

The study area is located on the eastern slopes of the Serra da Lousa in north-central
Portugal (Fig. 1). Precipitation occurs predominantly in winter, with the summer being
a pronounced dry period with high wildfire risk. Both research catchments, Valtorto
(burned) and the nearby Espinho (control) are characterized by an ephemeral stream
and are similar in size, exposure, geology and vegetation type (Table 1). Moreover,
they lack the man-made terraces often found in (abandoned) valleys in this region,
which increase soil water storage potential and thus affect streamflow response.

Soils and vegetation are typical for the region. Soils are formed on schist or quartzite
bedrock. They are generally shallow gravelly loamy sands. (USDA, 1993), rich in or-
ganic matter, with considerable rock fragment content and cover (Table 1). The vegeta-
tion consists of dense heathland dominated by Erica sp., Ulex sp., Pterospartum triden-
tatum and Genista triacanthos, regenerated after wildfire burned both catchments in
the summer of 1990 and a prescribed fire burned the Valtorto catchment in April 1996.
Because of the longer time since the last fire, the vegetation in the Espinho catchment
was slightly taller than that in the Valtorto catchment (Table 1). Moreover, because of
this 1996 prescribed fire, an existing structure of fire breaks confined the burned area in
the Valtorto catchment, which closely matched the shape and size of the topographical
watershed defined using ArcGIS (Fig. 1c¢).

2.2 Experimental fire

The Valtorto catchment was burned by a high-intensity experimental fire on 20 Febru-
ary 2009. The aim was to simulate a wildfire to the greatest extent possible within
safety constraints, in order to get a soil hydrological response similar to natural condi-
tions. Details about how the fire was conducted can be found in Stoof et al. (2010a).
While flame temperatures reached ~ 700 °C and fire intensity in some places exceeded
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15.000kWm™", shrubs were not completely consumed throughout the catchment
(Fig. 1c) and soil temperatures remained relatively low (Stoof et al., 2010a). Although
maximum soil surface temperature was locally as high as 800 °C, soils in the majority
of the catchment remained below 100 °C. As a result, soil hydrologic properties such as
saturated hydraulic conductivity and soil porosity did not change significantly (Stoof et
al., 2011a). However, overland flow resistance and soil surface roughness decreased
significantly because of the fire and the post-fire exposure of the soil (Stoof et al.,
2011a).

2.3 Hydrological monitoring

A paired-catchment design was adopted in order to separate hydrological effects of the
experimental fire from natural hydrological variability. Pre- and post-fire time series of
rainfall and streamflow were collected in the burned catchment (Valtorto) and in the
unburned control catchment (Espinho). Details of the methodology are given in the fol-
lowing paragraphs and summarized in Table 2. Effects of scale on post-fire hydrological
processes were assessed using a nested approach. For this purpose, streamflow in
the Valtorto catchment was not only monitored at the outlet of the main catchment, but
also at the outlet of the 0.13 ha unbounded subcatchment halfway up the southeast-
facing slope (Fig. 1c). Finally, topsoil moisture content and canopy interception were
monitored in the Valtorto catchment only.

Hydrological monitoring started in August 2007 but due to frequent data logger fail-
ure, reliable streamflow and soil moisture data was only collected from May 2008 on-
wards (10 months before the fire). Replicate rain gauges and water level recorders
were installed to ensure continuation of data collection in case of logger failure. In
addition, all sensors and data loggers were removed from the catchment the day be-
fore the fire to prevent fire damage to the monitoring equipment. All equipment was
consequently reinstalled the day after the fire.
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2.3.1 Rainfall and potential evapotranspiration

Rainfall was recorded at 0.2 mm intervals using tipping bucket rain gauges (Table 2)
mounted above the shrub canopy on 1.5 m-high metal stakes. Two rain gauges were
installed in Valtorto, and one in Espinho. Because both rain gauges in Valtorto were
highly correlated (r = 0.996, RSE 0.67 mm), the catchment rainfall was calculated as
the hourly or daily average of the two gauges. Since instrument failure never occurred
for both rain gauges at the same time, there were no periods of missing data in Valtorto.
Missing data in Espinho were filled using the Valtorto bottom gauge, which was slightly
better correlated to the Espinho data (r = 0.975, RSE 2.1 mm) than the center gauge.

Potential evapotranspiration was not measured in the catchment but is measured
by the Portuguese Meteorological Institute in the city of Coimbra, 50 km NW of the re-
search catchments. Data was acquired from ten-day meteorological bulletins published
online at www.meteo.pt.

2.3.2 Canopy throughfall and interception

Canopy interception was estimated from cumulative throughfall measurements during
the pre-fire winter period, not taking stemflow into account. We cut the tops off of 5-L
water jugs (Table 2), and placed five replicate jugs beneath shrubs at three locations in
the catchment, characterized by medium dense (44 +27% cover, ~ 0.4 m high), dense
(67 £24% cover, 0.5 to 0.6 m high) and tall vegetation (84 +21% cover, 1.5 t0 2.0m
high). Care was taken to make sure that the jugs were level. Cumulative rainfall was
measured in a natural clearing close to each location using a similar jug, and canopy
interception was calculated for each jug based on the measured throughfall and the
mean cumulative rainfall for that period. Jugs were installed on 17 November 2008 and
emptied on 10 occasions until early February 2009. Because air temperatures were
low and jugs were emptied during and/or quickly after major rain events, evaporation
loss was considered negligible.
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2.3.3 Streamflow

Streamflow, also referred to as “flow”, was measured using V-notch weirs at the outlet
of the catchments, and water levels were recorded at 5-min intervals in a stilling pond
upstream of each weir. Two different water level probes were used (Diver and Odyssey
type, Table 2). The stage-discharge relationship of each weir was determined from
a set of manually measured water levels and streamflow (discharge) volumes. Sub-
sequently, the stage-discharge relationships for each weir and water level probe were
determined by fitting the power function Q = aH" + ¢ (or@= aH" in case the intercept
was not significant) to the set of measured Q-H points1, where Q is the discharge and
H is the water level. Diver and Odyssey logger results were highly correlated (r > 0.999
for Valtorto and r > 0.982 for Espinho), and streamflow was therefore calculated as the
mean when records of both loggers were available.

The weirs were regularly checked and plant material that could possibly block the
flow was removed. In addition, data was deleted when flow was observed to be ob-
structed — which happened in the Valtorto main weir in early December 2009. In all
cases, large data gaps were left as is, while small data gaps (< 2h) were filled in by
linear interpolation.

2.3.4 Soil moisture

Soil moisture content was monitored at 5-min intervals at 40 sites in the Valtorto catch-
ment using Madgetech data loggers connected to Decagon EC-5 sensors (Table 2)
installed at 2.5 cm depth.

All soil moisture probes were calibrated in the laboratory before installation in the
field, and afterwards validated using soil moisture sampling adjacent to the probes in
the field. The laboratory calibration was performed using repacked soil columns with

'n=49 and 54 for Valtorto Diver and Odyssey water level recorder (WLR), respectively,
n =17 for Valtorto subcatchment Diver, and n =17 and 16 for Espinho Diver and Odyssey
WLR, respectively.
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known moisture content, using soil from the Valtorto catchment that was sieved (2 mm)
and repacked at a dry bulk density typical for the catchment (0.8890m'3). To choose
the best calibration curve, different curves (linear or polynomial, fitted to all sensors
together or to each sensor individually) were validated with field topsoil moisture con-
tents sampled within 0.5m of the probe. Validation sampling was performed on five
occasions using soil cores (50 cm3, 0-2.5cm deep, n =209 for all sampling dates to-
gether) that were weighed and oven dried (24 h at 105 °C) to determine field moisture
content.

The final calibration using a 2nd order polynomial (Eqg. 1) resulted in an overestima-
tion of 0.034 + 0.088 cm® cm ™ soil moisture content, which may be attributed to probe-
to-probe and bulk density variations (Parsons and Bandaranayake, 2009; Rosenbaum
et al., 2010), temperature variation (Bogena et al., 2007), small scale variability of soil
moisture content in the field (Dekker and Ritsema, 2000), and the presence of rock
fragments in the soils in the Valtorto catchment (Table 1).

0 =159 x 10°6V? + 215x107°V - 0.116 (1)

with 8 = soil moisture content (cm3 cm‘s) and I/ =logger output voltage (mV). The 2nd
order polynomial fitted the lab calibration points (n = 150) with an r? of 0.97.

The present paper discusses the effect of fire on the catchment average soil moisture
— spatial differences will be analyzed and discussed in a future paper.

2.4 Data storage and analyses

Rainfall, streamflow and soil moisture data was managed through a MySQL database
(MySQL v. 5.0.67), and analyses were done in Rv. 2.11.1 (R Development Core Team,
2010). Since the length of data and the pronounced wet winter seasons made it diffi-
cult to distinguish individual storm events, comparisons of treated and untreated catch-
ments before and after the fire were made using hourly, daily and weekly values of
rainfall, streamflow and soil moisture rather than on a storm-by-storm basis.
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The effects of vegetation cover on canopy throughfall were assessed following a re-
peated measures experiment, in which the optimal model was selected using a similar
approach as described by Webster and Payne (2002) using the nlme package in R
(Pinheiro et al., 2009).

Fire-induced hydrological changes were assessed by comparing pre- and post-fire
rainfall-runoff coefficients for the entire monitoring period, as well as daily probabil-
ity distributions (also referred to as flow, rainfall or moisture distributions) and hourly
cross-correlations of rainfall, streamflow and soil moisture. Furthermore, fire effects
were statistically analyzed using ANCOVA’s, analyzing streamflow and soil moisture
changes due to fire effects while taking into account autocorrelation and changes in the
rainfall distribution. Given the effects of scale on the delay between rainfall and stream-
flow response, caused by water routing, mixing and storage (Skeien et al., 2003), these
ANCOVA analyses were performed at the time scale appropriate for each spatial scale.
This meant that the changes in the rainfall-streamflow relationship in the Valtorto sub-
catchment and the rainfall-soil moisture relationship were analyzed on a daily basis,
while the catchment-scale data in Valtorto and Espinho required aggregation to weekly
data. Finally, the role of rainfall and soil moisture on streamflow generation was more
closely evaluated in the Valtorto subcatchment. Here, the absence of a slow-flow com-
ponent did allow analysis on a storm-by-storm basis.

3 Results

3.1 Rainfall

Time series of rainfall, potential evapotranspiration (ET,;), streamflow and soil mois-
ture content are displayed in Fig. 2 and summary statistics are given in Table 3.

Pre- and post-fire monitoring periods are both characterized by a moderately wet
spring, a fairly dry summer with occasional rain events, and a very wet winter period
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(Fig. 2a). The rainfall patterns in Valtorto and Espinho were highly correlated (r = 0.99),
despite the fact that total rainfall was considerably higher in Espinho (Table 3), likely
because of its ridge-side location. Because the post-fire monitoring period was 19%
longer than the pre-fire period, total rainfall and ET,,, were considerably higher for the
post-fire period. However, rainfall occurrence (the fraction of days with rainfall) was
similar before and after the fire, and daily mean rainfall and ET,,; were not significantly
different. However, the occurrence of large rain events (> 20 mm in one day) was higher
after the fire than before (Fig. 3a).

3.2 Canopy throughfall and interception

Canopy throughfall of the unburned vegetation in Valtorto was measured in the wet
winter period before the fire (Fig. 4), and averaged 51.3 £ 17.8% of total rainfall, result-
ing in an estimated canopy interception of 48.7 + 17.8%. Post-fire canopy interception
of the regenerating vegetation was not measured, but was assumed to be minimal be-
cause of the sparseness of the regenerated vegetation cover, that only reached 30%
one year after the fire (Shakesby et al., 2010).

Pre-fire canopy throughfall was not significantly different between the sites in the
Valtorto catchment (p = 0.065), although it was slightly less for the tall vegetation than
for the lower vegetation (“dense” and “medium dense”, Fig. 4a). Although through-
fall was fairly constant in time, it significantly increased during 15 consecutive rain
days mid-January 2009 (p < 0.0001, Fig. 4a), indicating that the throughfall fraction
increased with increasing rainfall. Following Gash and Morton (1978), total rainfall
was plotted against total throughfall, and a linear regression line (Eq. (2), r? = 0.84,
n = 150) was fitted through the points (Fig. 4b). The regression line crosses the y-axis
at x = 19.5 mm, indicating that roughly the first 19.5 mm of a rain event was intercepted
by the canopy. Because of this offset, the throughfall fraction was not a constant, but in-
creased with rainfall (Fig. 4c). Likewise, the fraction of canopy interception decreased
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with rainfall (Fig. 4c), emphasizing that the relative canopy storage was smaller for
larger rain events.

TF = 0.742 P — 14.4 (2)

where TF = throughfall (mm) and P = rainfall (mm).
3.3 Streamflow

Similar to the rainfall pattern, streamflow occurred mainly in the winter period, and
was highly intermittent at the subcatchment scale. After the fire, the occurrence of
streamflow (fraction of days with streamflow > 0) was higher for all three sites (Valtorto
and Espinho catchments and Valtorto subcatchment), and resulted in almost year-
round streamflow in the main Valtorto catchment after the fire (Table 3, Fig. 2c—d).
Because of its larger size, total streamflow in the main Valtorto catchment exceeded
that of the control Espinho catchment (Table 3, Fig. 2c—d).

Because of the change in rainfall distribution after the fire (Fig. 3a), changes in
streamflow patterns cannot be simply attributed to the effects of fire alone, particularly
because streamflow characteristics also changed in the unburned control catchment.
However, for nearly all the measured streamflow parameters, the level of change in the
burned catchment relative to the unburned catchment suggests considerable fire ef-
fects. Firstly, daily streamflow increased significantly in the burned Valtorto catchment,
and did not increase in the control Espinho catchment (Table 3). Secondly, the coeffi-
cient of variation for daily streamflow decreased in the burned Valtorto catchment, but
remained largely unchanged in the unburned Espinho catchment, suggesting that daily
flows in Valtorto had become more continuous and less intermittent (Table 3). Thirdly,
the streamflow distribution showed a distinct shift upward from the 1:1 line in the quan-
tile plot (Fig. 3b), indicating that streamflow in all catchments was greater post fire than
pre fire. However, the upward shift was greater in the burned Valtorto catchment, par-
ticularly at the subcatchment scale, than in the unburned Espinho catchment (Fig. 3b).
Fourthly, the overall runoff coefficient, the amount of streamflow per unit rainfall across
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the entire monitoring period, increased considerably more in the burned catchment (1.7
and 2.5-fold increase at the catchment and subcatchment-scale, respectively) than in
the control catchment (1.1-fold increase, Fig. 5). And finally, while the lag time between
streamflow and rainfall decreased and the lag O correlation increased after the fire in
both the burned and unburned catchment, the increase in the correlation (and thus the
increase in the immediate streamflow response to rainfall events) was most clear in the
burned Valtorto catchment, particularly at the sub-catchment scale (Table 4).

More detailed statistical analysis to separate the effects of fire and rainfall variability
using ANCOVA indicated (not surprisingly) that rainfall was a highly significant predic-
tor of streamflow (p = 0.000 in all catchments). While fire did not appear to change the
rainfall-streamflow relationship in the control Espinho catchment (p = 0.955, based on
weekly data), it did shift the rainfall-streamflow relationship in the burned Valtorto catch-
ment (Fig. 6). While this shift was not significant at the catchment scale (p = 0.323,
based on weekly data), it was significant at the subcatchment scale (p = 0.048, based
on daily data) where the changes were also the greatest (Fig. 6).

3.4 Soil moisture

Catchment average topsoil moisture fluctuations were strongly related to rainfall occur-
rence both before and after the fire (Fig. 2b). Although the average topsoil moisture
content appeared to drop considerably directly after the fire (Fig. 2b, near dashed line),
the daily catchment mean moisture content for the post-fire period was not significantly
different from the pre-fire value (Table 3). The distribution of the catchment average soil
moisture content was fairly similar before and after fire (Fig. 3c), however there was a
slight increase in the occurrence of low (< 0.10cm® cm‘3) and high moisture contents
(0.40 to 0.45 cm® cm™°) after the fire.

Analysis of covariance (ANCOVA) of the catchment average soil moisture content
indicated that there was a significant interaction between rainfall and fire (interaction
p =0.0002). This indicated that the response of the average soil moisture content to fire
varied with rainfall amount, for example, that fire affected the soil moisture content on
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dry days differently than on rainy days. To illustrate: mean soil moisture content on dry
days significantly decreased from 0.171 cm® cm~2 before the fire to 0.155 cm® cm™2 af-
ter (p = 0.03), while the mean soil moisture content on days with rainfall slightly though
not significantly increased from 0.251 to 0.263 cm®cm™ (p =0.256).

The changed soil moisture response on dry and rainy days was also visible in the
cross-correlation analysis between rainfall and soil moisture content (Table 4). After
the fire, soil moisture content was more strongly correlated to rainfall at lag O than
before the fire, which was indicated by an increase in cross-correlation from 0.325 to
0.350 (Table 4) and which suggested a stronger general response of soil moisture to
rainfall. In addition, a decrease in the lag to the maximum correlation was observed
from 2.7 to 2.0 h, suggesting a more rapid response to rainfall after the fire. However,
for greater lag times, the correlation between rainfall and soil moisture decreased after
the fire for all sites, resulting in a catchment average change depicted in Fig. 7. The
initial increased response of soil moisture to rainfall was therefore followed by a long
period of decreased response, suggesting that the burned soil dried out more quickly
after rain events.

3.5 Effect of rainfall and soil moisture on streamflow generation

As mentioned previously, rainfall was a significant predictor of streamflow in all catch-
ments (Fig. 6). The role of rainfall and soil moisture on streamflow generation was
more closely studied in the Valtorto subcatchment, where the rapid streamflow re-
sponse and absence of a slow flow component facilitated analysis on a storm-by-storm
basis. Closer analysis of the subcatchment’s daily rainfall-streamflow relationship indi-
cated that in addition to an increase in streamflow per unit rainfall (Figs. 5 and 6b), the
fire also decreased the buffering capacity of the catchment for rainfall, i.e. the amount
of rainfall stored in the soil, on the soil surface, and in the (remaining) vegetation before
runoff and streamflow were generated. This resulted in a higher proportion of rainfall
events generating streamflow, as shown in Fig. 8a. It furthermore slightly decreased

4067

HESSD
8, 4053-4098, 2011

Hydrological
response of a small
catchment burned by
experimental fire

C. R. Stoof et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/8/4053/2011/hessd-8-4053-2011-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/8/4053/2011/hessd-8-4053-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

the size of the largest daily rainfall event during which no streamflow was generated,
from a pre-fire 22.3 mm to a post-fire 20.7 mm.

Similarly, the fire significantly decreased the rainfall threshold for runoff generation.
While pre-fire 7.2 £ 6.3 mm of daily rainfall was buffered without generating streamflow,
this reduced to 3.7 £ 4.5 mm post-fire (p = 0.005, Fig. 8b). Since streamflow on days
with minor amounts of rainfall (< 0.5 mm) usually resulted from heavy rainfall the day
before, this analysis was limited to rainfall events > 0.5 mm.

Antecedent soil moisture condition is an important factor determining the rainfall
runoff response of a catchment (Benavides-Solorio and MacDonald, 2001; Castillo et
al., 2003). The catchment moisture probes supply some circumstantial evidence that
the moisture runoff relationship may have changed. Figure 9 shows the relationship be-
tween soil moisture content and the daily streamflow of the subcatchment for the two
moisture monitoring sites closest to the subcatchment. It is important to note that the
rainfall intensity of the events displayed in Fig. 9 did not change significantly after the
fire (p =0.944). Figure 9 indicates that streamflow was generated from drier topsoils
after the fire than before the fire. Two shifts can be observed: (1) fire decreased the
threshold moisture content at which streamflow could be generated (see A, Fig. 9a and
b), and (2) fire decreased the threshold topsoil moisture content at which streamflow
was always generated (see B, Fig. 9a and b).

4 Discussion
4.1 Fire effects on streamflow generation

Since rainfall distribution and amount have pronounced effects on streamflow patterns
(Beven, 2001; Hewlett and Bosch, 1984), attributing observed hydrological changes to
the effects of fire must be treated with caution. Since the changes in rainfall distribu-
tion and total rainfall amount (Fig. 3a, Table 3) also affected streamflow in the control
catchment (Fig. 3b, Tables 3 and 4), it is reasonable to assume that at least part of the
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observed changes in streamflow in the burned catchment should be attributed to the
change in rainfall. However, the streamflow distribution (Fig. 3b) and runoff coefficient
(Fig. 5) changed more in the burned catchment than in the unburned control, clearly
suggesting that fire did have a role in changing streamflow response in the burned
catchment. Moreover, separation of rainfall and fire effects using ANCOVA (Fig. 6)
showed that fire changed the rainfall-streamflow relationship causing an increase in
streamflow in the Valtorto subcatchment and possibly in the whole catchment. To ex-
plain the observed responses and the difference in response between the catchment
and the subcatchment scale we present a diagram that summarizes the changes in the
hydrological balance due to fire (Fig. 10).

Increases in streamflow after fire have also been observed by others (Lavabre et al.,
1993; Scott, 1993, 1997; Seibert et al., 2010), and are often attributed to decreased
canopy interception storage (e.g. Scott and Van Wyk, 1990). Canopy interception in
the winter before the fire averaged 48.7% of total rainfall (Fig. 4a). This value is fairly
high compared to the few data available on shrub interception (Dunkerley, 2000), but
can likely be attributed to the dense canopy cover (Table 1) and the rapid drying of the
upper canopy between rain events. Because of the high interception storage, removal
of vegetation by fire nearly doubled the effective rainfall (Fig. 10).

While reduced canopy interception was certainly a factor in this study, additional data
suggests that there are more contributing factors. For instance, the reduction in canopy
interception does not explain the two shifts in the relation between subcatchment soil
moisture content and rainfall (Fig. 9), i.e. the shift towards streamflow generation on
drier soil (“A”) and the shift towards decreased rainfall buffering after the fire (“B”).
Since the fire did not change soil bulk density, porosity or hydraulic conductivity (Stoof
et al., 2011a), the observed shifts cannot be attributed to a change in these soil proper-
ties. Nor can they be explained by changes in rainfall intensity, because the intensity of
the rain events generating streamflow in the subcatchment did not change significantly.
While these shifts could be attributed to surface sealing (Larsen et al., 2009), which
was not assessed in the catchment but neither observed during any of the field visits,
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there are clear indications that these shifts may be caused by two other processes.
We suggest that the shift towards streamflow generation on drier soil may be attributed
to soil water repellency, and that the shift towards decreased rainfall buffering may be
explained by the combined effects of soil water repellency and the decrease in surface
roughness that was observed after the fire (Stoof et al., 2011a). Soil water repellency
is discussed in greater detail in the following section. Surface roughness or microto-
pography is generally caused by plant litter or surface rock fragments, and has a small
but important role in surface water storage (Govers et al., 2000). Because it increases
the amount of water ponding on the soil surface (Fig. 10), surface roughness can delay
the initiation and amount of overland flow. Consequently, by reducing ponding capacity,
the decrease in surface roughness may have been an additional contributing factor to
the more rapid generation of overland flow and reduction in rainfall buffering shown in
Fig. 9.

4.2 Role of soil moisture and soil water repellency

The effect of fire on soil moisture variation depends in part on the net effect of the
increased effective rainfall and soil evaporation and the decreased plant transpiration
(Fig. 10) (Silva et al., 2006). While burned topsoils are often observed to be drier and
warmer than comparable unburned soils (Hart et al., 2005; Hulbert, 1969; Sumrall et
al., 1991) and exhibit higher soil evaporation, a review by Silva et al. (2006) shows that
the net change in soil moisture is highly dependent on depth: while the increase in soil
evaporation can result in a drier topsoil, subsoils can actually get wetter because of the
marked reduction in plant transpiration.

In many studies, vegetation cover is identified as an important factor protecting the
soil from heating up and drying out (Hulbert, 1969; Sumrall et al., 1991; White and
Currie, 1983). Post-fire soil exposure by vegetation removal therefore likely increased
soil evaporation, possibly explaining the more rapid drying of the topsoil recorded in
this study (Fig. 7), and the decreased topsoil moisture content on dry days. Since
topsoil moisture content was not significantly changed by the fire itself (Stoof et al.,
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2011a), post-fire soil exposure may also explain the drop in topsoil moisture content
between the fire and the reinstallation of the sensors (Fig. 2b). In addition to protect-
ing the soil from drying, vegetation cover can also prevent the soil from wetting (Stoof
et al., 2011b). Post-fire soil exposure by vegetation removal therefore also seems to
have caused the stronger and faster initial response of soil moisture to rainfall after fire
illustrated in Table 4 and Fig. 7. Both observations suggest changes in the develop-
ment and breakdown of soil water repellency after the fire, as will be discussed in the
following paragraphs.

Like many soils worldwide (DeBano, 2000a; Dekker et al., 2005), soils in the Valtorto
catchment exhibit water repellency regardless of fire (Stoof et al., 2011b). While water
repellency was prevalent in the catchment before the fire, there was a significant in-
crease in water repellency directly after the fire. There was also a faster development
of repellency during dry periods in the burned areas, which was largely attributed to
post-fire soil exposure (Stoof et al., 2011b). Therefore, even though soil water repel-
lency was an important hydrological parameter before the fire, the data suggest that fire
may have increased the hydrological impact of soil water repellency in the catchment.

Soil water repellency is often reported to be inversely related to soil moisture con-
tent (Dekker et al., 2001; Leighton-Boyce et al., 2005), which is also the case in the
Valtorto catchment (Stoof et al., 2011b). Because of the strong relation between soil
moisture and soil water repellency, the lower soil moisture contents resulting from the
rapid drying of the topsoil after rainfall (Fig. 7) likely resulted in faster (re)development
of soil water repellency and inhibition of infiltration. In addition, the presence of water
repellency inhibits water uptake by soils — thus creating a vicious cycle in dry periods.
The resulting impact on streamflow generation is suggested in Fig. 9, with a lower soil
moisture threshold for streamflow generation after the fire, as well as a higher fraction
of rainfall events generating (overland) flow on dry soil. Since soil properties like poros-
ity and saturated hydraulic conductivity were not significantly affected by the fire (Stoof
et al.,, 2011a), and rainfall intensity of the events displayed in Fig. 9 also remained
unchanged, the increased streamflow response to rainfall events occurring on dry soil
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may be attributed to a more prominent role of soil water repellency in the burned land-
scape, as suggested by Stoof et al. (2011b). After fire, the faster (re)development of soil
water repellency therefore contributed to a higher sensitivity to overland flow (Fig. 9) —
especially for short duration rainfall events. This may explain the increased soil erosion
rates observed in the catchment after the fire (Shakesby et al., 2010).

The impact of the faster development of soil water repellency should not be assessed
without considering the effects of its more rapid breakdown resulting from the higher
effective rainfall after the fire (Stoof et al., 2011b). The more rapid breakdown of soil
water repellency for burned soil observed by Stoof et al. (2011b) is consistent with
the faster and stronger initial response of soil moisture to rainfall after fire (Table 4,
Fig. 7), which suggests that faster disappearance of soil water repellency improves
infiltration. As a result, overland flow risk may be reduced during prolonged rainfall
events, which, along with the reduced transpiration (Silva et al., 2006) (Fig. 10), could
increase (sub)soil water storage. In contrast, the increased topsoil evaporation (Fig. 10)
would affect only the top few cm (Wythers et al., 1999). The potential increase in the
amount of water stored in the subsoil may explain the increase in dry season flow
observed in the present study (Fig. 2c—d, Table 3) as well as in other studies (Berndt,
1971; Hibbert, 1967). Given the fact that (post-fire) plant growth is strongly related to
soil water availability (Garcia-Fayos et al., 2000; Kasischke et al., 2007; Ruiz-Sinoga
et al., 2011; Yang et al., 2010; Zald et al., 2008), the possible increase in subsoil water
storage may considerably favor plant recovery in burned areas. Since subsoil moisture
content was not measured in this study, no definite conclusion can be drawn, however,
it is an interesting topic for further study.

4.3 Synopsis of fire impact on hydrology

As pointed out, fire-induced changes to the hydrological balance are summarized in
Fig. 10, which illustrates the impact of fire on soil moisture and water fluxes. After the
fire there is a reduced interception capacity (/,,;) and, consequently, an increase in ef-
fective rainfall (Py). A drop in plant transpiration (7) may cause a further increase
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in (sub)soil water availability and streamflow (Q,), while increased soil evaporation
(Esoi) causes more rapid drying of the topsoil. Topsoil water repellency is therefore
more rapidly triggered, resulting in an increased risk of overland flow risk for small rain
events. The risk of overland flow (Q;) is additionally increased through a reduction in
surface water storage (S;) resulting from reduced surface roughness after the fire. This
increase in overland flow risk may however be (partly) counterbalanced by the more
rapid breakdown of soil water repellency during extended rainfall events, which could
enhance subsoil infiltration and water storage and streamflow (Q).

Since vegetation and litter cover will return with time after the fire, the net effect
of the processes indicated in Fig. 10 on streamflow will vary with time following fire,
and decrease with the reestablishment of the vegetation cover. The net effect will
furthermore depend on the type and the age of vegetation, since canopy interception
and transpiration vary with vegetation type, stand age, and climate (Bosch and Hewlett,
1982; Murakami et al., 2000; Vertessy et al., 2001).

4.4 Implications for downstream flooding risk and effects of scale

By showing a changed rainfall-streamflow relationship and increased volume of runoff
for a given rain event (Fig. 6), the data support the commonly reported increased flood-
ing risk after fire (Cannon et al., 2008; Conedera et al., 2003; Jordan and Covert, 2009;
Nasseri, 1989; Rulli and Rosso, 2007). Moreover, by increasing streamflow volumes
throughout the year, the fire may also have increased the risk of floods as a cumulative
effect. Although it is likely that the observed reduction in canopy storage and sur-
face roughness (Stoof et al., 2011a) also resulted in a stronger and faster response of
streamflow after fire, the change in rainfall distribution post-fire (Fig. 3a) prevented as-
sessment of the exact role of the fire. After all, streamflow response was also stronger
and faster in the control catchment — likely because of the increased occurrence of
large rain events.

Fire impact was highly affected by scale. In all cases, the subcatchment indicated far
greater fire impacts than the main catchment: the increase in streamflow distribution
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(Fig. 3b), runoff coefficient (Fig. 5), and the change in rainfall-streamflow relationship
(Fig. 6a—b) were all greater at the small scale than at the catchment scale. Hence,
although the fire may have significantly increased flooding risk inside the catchment,
the data suggest that the downstream flooding risk was only slightly increased.

Reduced response at the larger scale is typical for hydrological processes: moving
from the subcatchment scale to the catchment scale, the flow paths lengthen, lag time
increases and the opportunities for infiltration and storage due to soil heterogeneity
increase (Skoien et al., 2003). As a result, catchment rainfall tends to be less correlated
with streamflow at a large scale than at a smaller scale. However, this also means
that the effects of fire on local overland flow generation and subcatchment runoff (as
depicted in Fig. 10) get diluted due to these catchment filtering processes, resulting in
a less pronounced response at the larger scale (Fig. 6). It is therefore reasonable to
expect a decrease in the effects of fire when moving up in scale.

This scale effect is often observed in post-fire hydrology. As summarized in reviews
by Shakesby (2011) and Shakesby and Doerr (2006), plot-scale runoff coefficients tend
to be higher than hillslope- or catchment scale runoff coefficients. This is generally
attributed to increased soil and surface heterogeneity or patchiness at larger scales
leading to decreased hydrological connectivity (Doerr et al., 2003; Ferreira et al., 2005;
Ferreira et al., 2008). In the Valtorto catchment, the subcatchment was indeed more
homogeneous than the catchment itself, for instance in terms of vegetation burn sever-
ity or fuel consumption. The main catchment contained a zone where the vegetation
was only scorched (Fig. 1c), i.e. where vegetation burn severity was low, while fuel con-
sumption in the subcatchment was complete. The subcatchment was therefore much
more strongly affected by the fire than the total catchment.

Although it is reasonable to expect a decrease in the effects of fire when moving up
in scale because of catchment filtering processes, the catchment-scale hydrological re-
sponse in Valtorto may have been more pronounced if the vegetation burn severity had
been greater, i.e. if fuel consumption had been complete in the entire catchment. More
in general, post-fire hydrological changes may be larger when fires occur in systems
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where the loss in canopy interception and plant transpiration is greater, such as in
forests (Bosch and Hewlett, 1982), or in hotter (wild)fires where soil physical changes
are more pronounced (Garcia-Corona et al., 2004; Stoof et al., 2010b).

4.5 Lessons for study of fire impact on hydrology

The data presented here contain a number of valuable lessons for study of hydro-
logical effects of fire. Firstly, the markedly different response of the catchment- and
subcatchment-scale emphasizes the need to study hydrology at the appropriate scale
of interest. Although small-scale studies do provide valuable insight into the processes
governing hydrological changes, as demonstrated in Sect. 3.5, they may considerably
overestimate the degree of change occurring at the catchment scale. On the other
hand, certain changes may be missed when only analyzing effects at the small scale,
for instance the increase in dry season streamflow.

Secondly, the present study shows that it is possible to study fire impact on
catchment-scale hydrological processes in a controlled experimental setup. Since
studies of wildfire impact on hydrology are hard to plan in advance, this provides a
method to purposely study fire effects at the catchment scale. The paired-catchment
approach used in the present study and using pre- and post-fire data enabled sep-
aration of fire, rainfall variability and site effects through ANCOVA analysis. This is
particularly interesting in regions where regular catchment scale hydrological monitor-
ing is not common, and where pre-fire streamflow records are therefore often absent
for burned catchments.

Despite their value in scientific research, experimental fires will never mimic summer
wildfires. Soil, fuel and weather conditions during experimental fires are highly unlikely
to match summer wildfire conditions because of safety concerns, which implies that soil
and vegetation burn severity of experimental fires will generally be lower than can be
expected for wildfires (Cerda and Robichaud, 2009). This was also demonstrated in the
Valtorto fire: despite its high intensity, soil temperature remained surprisingly low (Stoof
et al., 2010a) and soil physical properties remained unaffected (Stoof et al., 2011a).
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Experimental fire studies can therefore be used to study catchment-scale effects of
prescribed fires or low-severity wildfires that occur when soils and vegetation are still
fairly moist. Assessment of catchment-scale effects of summer wildfires remains a
matter of “luck”. In all cases, finances and logistics will always limit the number of
replicates available in catchment-scale studies. To get a full overview of the general
effects of fire on hydrology at the catchment scale, a meta-analysis could be done on
all the previous studies worldwide, similar to meta-analyses done to assess the effects
of deforestation (Bosch and Hewlett, 1982; Brown et al., 2005).

5 Conclusions

In a planned catchment-scale fire experiment, this research used pre and post-fire ex-
perimental data of paired catchments to assess the hydrological impact of fire. The
changed rainfall conditions following the fire highlighted the value of the adopted sam-
pling design, which allowed assessment of fire impact under changed rainfall condi-
tions (because of the availability of pre- and post-fire data) without being hampered by
effects of site variability (because of the use of paired catchments). The experiment
showed that:

1. Vegetation removal markedly increased the amount of effective rainfall, particu-
larly for smaller rain events. The shrub canopy intercepted on average the first
19.5mm of a rain event before the fire, and canopy interception was on aver-
age 48.7% of total rainfall. Since the fire removed nearly all the vegetation and
canopy cover was only 30% one year after the fire, post-fire canopy interception
was minimal.

2. Fire seems to have increased the runoff coefficient, and changed the streamflow
distribution as well as the rainfall-streamflow relationship, particularly at the sub-
catchment scale.
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3. By significantly increasing the amount of streamflow per unit rainfall at the
subcatchment-scale, the fire may have increased the risk of flooding inside the
catchment. However, as the increase in streamflow was not significant at the
catchment scale, fire may have only slightly affected downstream flooding risk.

4. After the fire, the streamflow response to rainfall events was quicker. However,
since the control catchment showed a similar change due to a changed rainfall
distribution, the degree to which fire played a role in this could not be assessed.

5. After the fire, the moisture content of the 0-2.5cm soil layer responded more
quickly to rainfall than before, and at the same time this layer dried out more
quickly after rain events.

Results support existing knowledge that fire impact on hydrology is largely affected by
scale, and emphasize the risk of overestimating hydrological fire impact when upscaling
plot- or hillslope scale studies to the catchment scale. This highlights the importance
of using the appropriate scale for research design or data use in assessing fire effects.

Finally, results suggest that fire-induced hydrological changes can occur even when
soil temperatures during fire remain low. As previous work indicated that soil heating
was limited in most of the catchment and soil physical properties remained unchanged,
vegetation removal is likely the most significant cause of the observed hydrological
changes because of its effects on effective rainfall, soil water repellency fluctuation and
surface roughness.
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Table 1. Site and soil characteristics of the Valtorto and Espinho catchments, as mapped before
the fire. Values are means over the number of observations (n) + one standard deviation, and

“n.d” stands for “not determined”.

Parameter

Value

Annual precipitation (mm)
Monthly temperature (°C)

1050

7.8 (Dec); 20 (Aug)

Valtorto n Espinho n
Treatment Burned Control
Location 40°06'21" N 40°05'21" N
8°07'03" W 8°06'41" W
Size (ha)® 9.7°;0.13° 4.9
Percentage burned (%) 88"; 100° 0
Elevation (m a.s.l.) 600-750 695-800
DEM slope (%) 38+ 16 3618
Soil depth (m) 0.16+0.13 322 0.18+0.13 46
Soil bulk density (gcm™3) 0.82+0.13 265 0.81+0.16 46
Soil organic matter content (weight%)d 21.0+£5.2 226 23.0+89 46
Soil porosity (%)° 60.2+4.4 42 n.d.
Saturated hydraulic conductivity (m d’ ) 1.4+07 42 n.d.
Rock fragment content (cm3 cm"3)e'f 0.16+0.06 247 0.18+0.06 46
Surface rock cover (%) 56.0+26.4 252 543+30.1 46
(Pre-fire) vegetation height (cm) 050+0.26 269 0.79+0.41 46
(Pre-fire) vegetation cover (%) 80.9+18.0 246 753+18.2 46

2 The size of the topographical watershed was defined in ArcGIS, using a digital elevation model of the area and
additional expert knowledge. The 10-m DEM was too coarse to determine the size of the Valtorto subcatchment, which

was instead determined in the field using a GPS; ® Valtorto main catchment; ° Valtorto subcatchment; 4 0-2.5cm

depth; ® 0—4cm depth; " Rock fragments are defined as particles > 2 mm, volumetric values given correspond to a
gravimetric rock fragment content of 0.407 +0.108 and 0.458 + 0.108 g/g for Valtorto and Espinho, respectively.
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Table 2. Monitoring equipment used in the Valtorto (burned) and Espinho (control) catchments.
Since there was no power source available in either catchment, all loggers were stand-alone,

had individual batteries, and were downloaded manually.

Parameter

# Monitoring
sites

Valtorto
(burned)

Espinho
(control)

Equipment/Probe and
data logger

Monitoring
interval

Time
period

Rainfall

Canopy
throughfall/
interception

Streamflow

Soil
moisture

2

2b

40

1

n/a

n/a

Tipping bucket rain collec-
tor (Davis Instruments, CA,
USA) with Odyssey data
recorder (Dataflow Systems,
New Zealand)

5-L water jugs (25cm high,
196.5 sz) using five replicates
and one cumulative rainfall
measurement per site, manual
observation®

Odyssey capacitance water
level probe (Dataflow Systems,
New Zealand)

MiniDiver along with BaroDiver
for air pressure correction®
(Schlumberger Water Services,
UK)

EC-5 sensor (Decagon De-
vices, WA, USA) with SMR 100
data recorder (MadgeTech, NH,
USA)

0.2mm

(biyweekly

5 min

5 min

5 min

Aug 2007—-Feb 2010

Nov 2008—Feb 2009

May 2008-Feb 2010

Jul 2008-Feb 2010

Apr 2008-Feb 2010

& 4 out of 180 records (2%) were deleted because the amount of throughfall exceeded the cumulative rainfall (likely

due to stem flow), which made it impossible to estimate the contributing area.
® In the Valtorto catchment, streamflow was monitored at the catchment and subcatchment scale.

¢ Given the short distance between the catchments (3 km) and their similar elevation, one BaroDiver was used for both

catchments.
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Table 3. Summary statistics of pre- and post-fire rainfall, potential evapotranspiration (ET,),
streamflow (flow) and the catchment average soil moisture, which was calculated by taking the
arithmetic mean of the moisture records available for each time step.

Rainfall ETpot Flow Soil moisture
Parameter Valtorto  Espinho  (Coimbra)  Valtorto  Valtorto  Espinho Valtorto
main sub (control)
% of days % of days % of days % of days % of days % of days n/a
Rainfall, flow  Pre-fire 45 53 n/a 64 18 33 n/a
occurrence Post-fire 45 51 n/a 99 22 48 n/a
mm mm mm m3 m3 m3 cm3 cm‘a
Sum? Pre-fire 878 1069 811 44x10° 195 24x10° n/a
um Post-fire 1352 1568 1068 110x 10° 904 39x10° n/a
Dail , Pre-fire 3.0 3.6 2.8 148 1.0 84 0.207
ally mean™  post-fire 37 43 2.9 308*** 2.5 108 0.204
) ! Pre-fire 0.0 0.2 3.1 11.8 0.0 45 0.199
Daily median  pogifire 0.0 0.2 3.4 100.3 0.0 0.0 0.201
o Pre-fire 0 0 0.4 0 0 0 0.057
Daily min Post-fire 0 0 05 0 0 0 0.039
Dail Pre-fire 50 43 5.9 53x10° 52 1.6x10° 0.480
ally max Post-fire 60 65 5.6 6.4 x 10° 71 2.7x10° 0.447
% % % % % % %
Pre-fire 228 221 66.4 302 452 251 47
cv Postfire 236 234 58.7 194 344 248 48

2 Note that the pre-fire monitoring period for the Valtorto subcatchment (199 d from 5 August 2008 to 20 February 2009)
is shorter than the pre-fire monitoring period for all other sites (265 d from 1 May 2008 to 20 February 2009). The post-

fire monitoring period is in all cases from 21 February 2009 to 20 February 2010 (365d).

b Daily mean values include days without rainfall or streamflow. Asterisks indicate where pre- and post-fire means are

significantly different at p < 0.05(*), and p < 0.001(***)
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Table 4. Lagtime of the streamflow and moisture response to rainfall and strength of the cor-
relation between streamflow (flow) and rainfall, and soil moisture and rainfall, derived from
cross-correlation analysis of hourly rainfall, streamflow and soil moisture data.

Rainfall Rainfall
. . a
Parameter ~ Flow ~ Soil moisture
Valtorto main Valtorto sub  Espinho Valtorto
Time to Pre-fire 4 1 3 27+1.6
peak (h) Post-fire 2 1 1 20+1.4"
Strength of  Pre-fire 0.389 0.514 0.480 0.325+0.048
correlation  Post-fire 0.442 0.636 0.535 0.350 £ 0.055*
% increase 14 24 11 8

& Cross-correlation analysis performed on all moisture sites separately for which good quality moisture records were
available (n=39), and changes in lagtime and correlation strength were analyzed using ANOVA,; significant differences
(p < 0.05) between pre- and post-fire values are indicated using an asterisk.
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Fig. 2. Time series of daily rainfall (P) and potential evapotranspiration (ET, (a), catchment
average soil moisture content (b), streamflow (c) and cumulative streamflow (d) before and
after the experimental fire on 20 February 2009 (vertical dashed line).
Valtorto catchment was burned; Espinho is the unburned control catchment. Also note that in
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and Espinho main catchments, while the values on the secondary y-axis (right) apply to the
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relative to the 1:1 line (dashed). To facilitate comparison between the different catchments and
scales, flow volumes in graph (b) are given in mm. The graphs show that rainfall (a) and flow
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Fig. 4. December 2008 to February 2009 time series of daily rainfall and period totals of
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function of total rainfall (¢). Throughfall fraction was defined as the ratio between the amount of
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Fig. 5. Runoff coefficient (Q/P) in the Valtorto catchment, the Valtorto subcatchment (sub) and
the Espinho catchment, calculated as the total streamflow divided by the total rainfall, for the

entire pre- and post-fire monitoring periods.
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Fig. 6. Rainfall-streamflow relationships in the burned Valtorto catchment (a, based on weekly
data), the Valtorto subcatchment (b, based on daily data) and the Espinho control catchment
(c, based on weekly data). R? values refer to the goodness of fit of the regression lines, and
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p-values indicate whether pre- and post-fire regression lines were significantly different.
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Fig. 7. Cross-correlation between hourly rainfall and catchment average soil moisture content
in Valtorto, indicating the timing and the strength of the soil moisture response to the occurrence
of rainfall. The dotted horizontal line A indicates for which lag times post-fire cross correlation
is significantly different (p < 0.05) from the pre-fire value, while the dashed horizontal line B
indicates the confidence interval.
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Fig. 8. Proportion of daily rainfall events generating streamflow (a) and size of daily rainfall
events not generating streamflow (b) in the Valtorto subcatchment before and after the fire.
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Fig. 9. Daily average soil moisture content and daily streamflow for the Valtorto subcatchment
for days that rainfall occurred pre- and post-fire. Moisture records for the two sites closest to
the subcatchment (Fig. 1c) are given (with 28 and 17% missing data periods for site a and b,
respectively), pre- and post-fire rainfall intensities of the events displayed were not significantly
different, the black dashed line indicates total porostity (Stoof et al., 2011a). After the fire, the
subcatchment generated streamflow for lower moisture content; shift A indicates the shift in the
threshold moisture content at which streamflow could be generated, while shift B indicates the
shift in the threshold moisture content at which streamflow was always generated.
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Pre-fire Post-fire

Fig. 10. Fire impact on hydrology, showing pre- and post-fire water fluxes and rainfall parti-
tioning. Grey arrows indicate water gain, black arrows indicate water loss from the soil profile,
in which soil moisture content is indicated using grey shading (darker is wetter). P is rainfall,
P is effective rainfall (the amount of rainfall reaching the ground surface), /; is infiltration,
I, 1S canopy interception, S is surface water storage, E; is bare soil evaporation, T is plant
transpiration, and @; and Q; is the sum of fastflow (surface runoff) and slowflow (subsurface
runoff).
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