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ABSTRACT

The largest forest wildfire in Swedish modern history burnt 14,000 ha of Boreal forest in the Vdstmanland County
(south-central Sweden) during the summer of 2014. Here, we assess the impacts of this wildfire on the hydrolog-
ical regime during the three years after it happened. In the empirical experiment carried out, four catchments
(two burnt and two non-burnt nearby) with similar character and climate and with mean area of 20 km? were
compared. A total of 23 descriptors accounting for climate, land cover and flow signatures were defined and eval-
uated before and after the wildfire, using both remote sensing products and in situ streamflow observations. The
results show three main changes in the hydrological behaviour of the burnt areas: (i) variation in duration and
timing of snow season, with shorter and later beginning of the season; (ii) more dynamic behaviour of the
streamflow, with smaller variation coefficient, a reduction in duration of high and low flows conditions and a
more oscillating pattern; and, (iii) variations in catchment response (flashiness, runoff coefficient and actual
evapotranspiration) from rainfall-events mainly during summer, but also in late autumn The study also reflects
the usefulness of the combined analysis of flow signatures and remote sensing products to detect changes in

catchment hydrology.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

Forest wildfire effects on catchment hydrology are important for sci-
entific understanding of hydrological process changes, interactions, and
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societal preparedness for indirect consequences after wildfires. There is
a substantial body of literature on hydrologic effects of wildfires (e.g.
Moody and Martin, 2001a; Onda et al., 2008; Gleason and Nolin, 2016;
Havel et al., 2018). Some of these works study forest wildfire effects
on catchment hydrology (Seibert et al., 2010) although, to our knowl-
edge, these effects at catchment scale have not yet been explicitly eval-
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sensing and hydrologic data pre- and post-wildfire to interpret the
broad scale impacts of forest wildfire on the hydrological regime,
using two burnt and two reference catchments from a recent large
wildfire in Sweden, Northern Europe; with the overall aim of explor-
ing what changes on hydrology we can expect from wildfires in Bo-
real forests.

Hydrological processes at the watershed scale are highly condi-
tioned by the land cover in the basin (e.g. Bléschl et al., 2007; Hall
et al., 2014). Therefore, changes in land cover distribution have an im-
pact on water and energy budgets (Bronstert et al., 2002; Scanlon
et al., 2005; Cassiani et al., 2015) and can be seen as an opportunity
for better hydrological understanding (Seibert and van Meerveld,
2016). Forest wildfires are alterations that may drastically change land
cover across watersheds (Aldersley et al., 2011). After a wildfire, canopy
water storage capacity changes (Calder, 2005; Qazi et al., 2017). Hence,
the first direct consequence is a modification in interception and vol-
ume of precipitation reaching the ground (Madduma Bandara, 1974;
Crockford and Richardson, 2000; Jeffery et al., 2014). Other alterations
include different partitioning in evaporation fluxes from vegetation
and soil (Gerrits et al., 2010; Wang-Erlandsson et al., 2014) and changes
in soil moisture dynamics (Silva et al., 2006; Liancourt et al., 2012; van
der Ent et al., 2014; Boer-Euser et al., 2016). Also, higher runoff coeffi-
cients are commonly observed, which have direct implications in the
erosion capacity (Cerda and Robichaud, 2009) and the consequent
problems related with water quality due to an increasing number of
suspended sediments (i.e. soil, burnt tree remains, ashes) (Lofgren
et al., 2009; Smith et al., 2011). In general higher concentration of nitro-
gen and phosphorous (Mast and Clow, 2008; Ferreira et al., 2005), chlo-
ride, sulphate and sodium (Murphy et al., 2006), organic carbon (Baird
et al., 1999), cyanide (Barber et al.,, 2003) and some hydrocarbons gen-
erated during combustion (Kim et al., 2003), have been observed after
wildfires. These substances in contact with the water may be a source
of contamination, directly conditioned by local conditions after the
wildfire (i.e. hydrometeorology, burnt vegetation type and catchment
physiography (Smith et al,, 2011). Snow accumulation and melting dy-
namics can also be affected if the burnt area is located in a in snow dom-
inated region, like the Boreal forest (Faria et al., 2000; Gleason et al.,
2013; Micheletty et al., 2014). After the wildfire, snowpack is more ex-
posed to solar radiation and snow albedo may be lower due to darken-
ing of the surface from burnt forest remains (Burles and Boon, 2011;
Gleason and Nolin, 2016).

Almost all these hydrological impacts are conditioned by the spatial
scale (Bléschl and Sivapalan, 1995). At the plot scales all the referred hy-
drological changes are clearly observed (Beeson et al., 2001; Woods and
Balfour, 2008; Ebel et al., 2012; Stoof et al., 2012; Harpold et al., 2014).
Nevertheless, a direct extrapolation of these consequences at larger
scales, like catchment and regional, may introduce an overestimation
in the expected changes. These scales can filter, mix, smooth or dilute
these variations (Cammeraat, 2002; Bracken and Croke, 2007;
Hallema et al., 2018). To monitor land cover changes at these larger
scales, remote sensing products constitute the best option: not only to
detect areal changes (e.g. Huete et al., 2010; Hall and Riggs, 2016) but
also as an excellent information to complement the in situ streamflow
measurements at the watershed outlet.

Table 1
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Furthermore, wildfires have been less common in high latitude re-
gions due to the wetter conditions, snow coverage and Boreal forest
structures over these areas. Therefore, a lack of studies is found in this
area in comparison to warmer ones (Hulbert, 1969; Lavabre et al.,
1993; Moody and Martin, 2001a; Onda et al., 2008; Micheletty et al.,
2014). Despite global burnt area declined by about 25% over the period
1998-2015, in Boreal forest a stronger positive relationship between
population and wildfire affected area was found for Eurasia and North
America (Andela et al,, 2017). Namely, in Boreal Russia, more wildfires
occurred in years during which the weather was anomalous in the Bo-
real Russia (Mollicone et al., 2006); however, more than 87% of them
were directly caused by humans. In eastern Canada, it was also showed
that wildfire frequency increased (Scholze et al., 2006). Despite this in-
crease in frequency in some northern regions, noclear changes are
shown yet in Swedish Boreal forest.

In this context, the objectives of this study are two: first to evaluate
the landcover changes due to the wildfire, and second to understand
and quantify the effects of these changes on the hydrological regime.
Meteorological information, streamflow observations and remote sens-
ing products are used to define different indicators to account for these
changes.

2. Study site and data

The studied wildfire burnt an area of 14,000 ha during the summer
of 2014 in the Vastmanland County, south-central Sweden. It was active
for 18 days, from the 31st of July till the 17th of August. The 3.5 °C above
the average mean temperature during the beginning of the summer and
the 25% below-average precipitation for an average July, favoured the
expansion of the wildfire, which was enkindled by a vehicle performing
subsoiling. The affected area was mainly covered by the characteristic
vegetation of the southern Boreal forest: coniferous needle-leaved ever-
green trees (mainly Scots Pine (P. sylvestris), but stands of Norway
spruce (P. abies)), shrubs tolerant to shading and carpets of Boreal forest
mosses (Bodin and Nohrstedt, 2016; Lidskog and Sjodin, 2016). The
well-drained mineral soil present in the area was almost removed
after wildfire and the shallow rocky outcropped in all the area (Bohlin
et al, 2017; see Fig. Al in the Appendix).

Four gauged catchments, with similar physiographic characteristics
(i.e. size, altitudes, slopes), original land cover and climatic conditions
were selected to assess the possible changes caused by the wildfire
(Table 1). Two catchment were located in the burnt area (catchments
A and B, in red and orange respectively in Fig. 1); and the other two
catchments were outside the burnt area, but situated nearby - within
50 km (catchments C and B, in blue in Fig. 1). These non-burnt catch-
ments were used as reference sites to evaluate that changes were not
caused by natural climate variability of the system.

Meteorological data, Earth Observations (EQ) products and in-situ
streamflow measurements were used as the three main sources of
information.

First, the meteorological data used belong to the national database,
PTHBV at the Swedish Meteorological and Hydrological Institute
(SMHI) (Johansson, 2000). PTHBV is a gridded precipitation and tem-
perature product which uses meteorological stations across Sweden

Topographic and land cover descriptors of the studied catchments and availability of discharge measurements at their outlets.

Gauge station name  Gauge station ID  Catchment status ~ Area (km?)  Mean elevation (m a.sl) Meanslope* (%) Forestarea (%) Monitored time series of daily
water discharge
. 1979-01-01 - 2001-01-08
Vallsjobacken A Burnt 17.7 105 6.0 94 2014-11-12 - 2017-09-30
Garsjobdcken B Burnt 225 109 3.2 80 2014-09-10 - 2016-10-05
Svenbybdcken C Reference 36.5 56 23 71 1980-08-31 - 2017-09-30
Finntorget D Reference 7.0 259 8.6 86 1979-09-04 - 2017-09-30

* Calculated using the digital elevation model (DEM) GSD Terrain elevation databank (50x50m) from Lantmadteriet (cadastral and land registration Swedish authority); and defined as the

average value of slope in each DEM cell within the catchment.
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Fig. 1. (a) Location of the Vdstmanland fire (black line) and the 4 small study catchments (in red, catchment A, highly burnt by the wildfire; in orange catchment B, moderately burnt by the
wildfire; in blue, catchments C and D, reference site non-burnt by the wildfire). Locations of the gauging stations for stream flow (black dots) and precipitation (black +) and temperature
(black x) and both asterisk (*). (b) Fractional vegetation cover, before (20/07/2014; upper panel) and after (21/08/2014; lower panel) the wildfire derived from MODIS vegetation product.

(about 700 stations) to derive a grid using interpolation techniques that
combine the interpolated variables with other such as altitude, slope,
land cover, wind direction or radiation (Johansson and Chen, 2003,
2005). Four of the temperature stations and eighteen of the precipita-
tion stations used to produce this product are located within the study
area (black x for temperature and black + for precipitation in Fig. 1).
Second, EO products for vegetation and snow from MODIS were
used. The MODIS/Terra (MOD13Q1) and the MODIS/Aqua (MYD13Q1)
version 006 (Didan, 2015a, 2015b) were chosen to assess the changes
in vegetation canopy due to the wildfire. Both products have a spatial
resolution of 250 m and the combined use of both allows increasing
temporal resolution from 16-days to 8-days (Table 2). Normalized Dif-
ference Vegetation Index (NDVI; Tucker, 1979) is the vegetation index
selected from the options provided by the MODIS vegetation product.
Fractional Vegetation Cover (FVeg) before (28/07/2014) and after
(21/08/2014) the wildfire has been derived from NDVI following
Gutman and Ignatov (1998) to evaluate wildfire severity, which was
calculated as the percentage of change in vegetated cover area before
and after the wildfire. Wildfire severity differs between the two selected

Table 2

catchments (Fig. 1.II; Table 3): wildfire effects in Catchment A produced
a bigger removal of vegetation than in Catchment B, 84% versus 58%.
Therefore, we will refer to Catchment A as highly burnt (in red), and
Catchment B as moderately burnt (in orange).

The MODIS/Terra Snow Cover (MOD10A2) version 006 (Hall and
Riggs, 2016) was used to evaluate snow dynamics (Table 2).
MOD10A2 provides maximum snow cover extension in an 8 days tem-
poral windows at 500 m spatial resolution derived from the Normalized
Difference Snow Index (NDSI; Dozier, 1989).

Third, streamflow observations at the studied catchments' outlets
were used. In three of the analyzed catchments, gauging stations belong
to the SMHI national monitoring network and were operational before
the wildfire (A, C and D catchments). In these stations, mean daily
streamflow was derived from 15 min water level measurements trans-
formed into discharge using a site-specific calibrated rating curve. On
the contrary, observations in catchment B begins after the wildfire.
The Swedish University of Agricultural Sciences (SLU) installed a gaug-
ing station, which measures streamflow from changes in pressure be-
tween water and a reference on land measured using Doppler

Summary of Earth Observation (EO) products used in the study. Spatiotemporal resolution, available dates and the number of scenes/dates analyzed (the wildfire was located between two
of the MODIS tiles, which sometimes did not have the same availability, for this reason the table makes a difference between them).

Land cover Product/version Spatial res. (m) Temp. Res. Available period Number dates analyzed
(days) (tile name)
Vegetation MOD13Q1/006 250 16 2002-01-01 -2017-09-14 364 (h18v03) - 358 (h18v02)
MYD13Q1/006 250 16 2002-07-04 - 2017-06-18 334 (h18v03) - 350 (h18v02)
Snow MOD10A2/006 500 8 2000-02-18 - 2017-09-30 805 (h18v03) - 807 (h18v02)
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Table 3
Severity of the wildfire in the whole burnt area and in each of the two selected burnt
catchments.

FVeg before FVeg after Change in Severity
Wildfire (—) Wildfire (—) FVeg (%)
Whole burnt area 0.712 0.353 50 -
Catchment A 0.776 0.123 84 High
Catchment B 0.678 0.284 58 Mid

technology. Gaps in observational time series (Table 1) were filled using
streamflow simulations from the S-HYPE model (Lindstrém et al., 2010;
Stromquvist et al.,, 2012), which is the national multi-basin model system
for Sweden. Specific model performance analysis was carried out for
evaluating the ability to reproduce streamflow in the catchments with
continuous observation (see Fig. A2 in the Appendix).

3. Methodology

Hydrological changes in the four selected catchments were analyzed
regarding: a) natural climate variability; b) land cover; and
c¢) characteristic flow signatures; during two periods: before (2000-
10-01 to 2014-09-30) and after (2014-10-01 to 2017-09-30) the wild-
fire. The analysis was performed using 23 descriptors that were thought

Table 4
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to account for these three aspects (Table 4). Two climate descriptors
(Prec and Tem) were used to validate that the non-burnt reference
sites were representing undisturbed conditions for the burnt catch-
ments, assuring that the analysis were not biased by natural variability
(Brown et al., 2005). Five descriptors account for land cover changes,
in both vegetation and snow, using the previously described EO prod-
ucts for deriving vegetation and snow fractions. Besides, three addi-
tional snow related variables (i.e. beginning, ending and duration of
the snow season) complete the descriptors in this category. Sixteen
streamflow signatures, which characterize different shapes of the flow
regimes, were defined based on the suggested metrics by Olden and
Poff (2003) and Kuentz et al. (2017). Climate and land cover descriptors
were aggregated at catchment scale and flow signatures computed at
the outlet of each catchment (Table 4).

Changes were evaluated in several ways. First, temporal changes at
annual, and/or monthly scales, depending on the descriptor definition
during pre- and post-wildfire periods, were compared using descriptors
distributions. Second, spatial changes were analyzed. Differences be-
tween burnt and reference sites were compared to establish which
changes could be attributed to the wildfire. Finally, visual inspection of
temporal seasonal evolution was performed only for the main descrip-
tors in each category: precipitation (Prec), temperature (Temp), frac-
tional vegetation cover (FVeg), fractional snow cover (FSC) and mean
daily flow between the pre- and post-wildfire periods.

Definition of the descriptors used to evaluate the hydrological changes over the wildfire area, regarding a) climate, b) land cover and c) flow signatures.

Descriptor Variable Units Description Data source
Climate
Prec mm annual/monthly precipitation PTHBV
Tem °C annual/monthly mean of mean daily temperature PTHBV
Land cover
. B annual/monthly mean of the 8-days Fractional Vegetation Cover (Gutman and MOD13Q1/006
Vegetation Fveg Ignatov, 1998) MYD13Q1/006
Snow Magnitude FSC - annual/monthly mean of the 8-days Fractional Snow Cover MOD10A2/006
. . day hydrological  beginning of the snow season, defined as the first day of the hydrological year with
Duration Snowlni year (DOHY) more that 10% FSC in the catchment. MOD10A2/006
day hydrological  ending of the snow season, defined as the first day of the hydrological year with less
snowknd year (DOHY) than 10% FSC in the catchment MOD10A2/006
SnowDays d number of days between the beginning and ending of the snow season MOD10A2/006
Flow signatures
M?lir\:\lrt:c/l:n(zg ‘?::;?gg::w Skew _ annual/monthly skewness = mean of daily flows divided by median of daily flows  Streamflow
Qsp mmd ! annual/monthly mean of daily flow Streamflow
cvQ annual/monthly coef variation = SD/mean daily flow Streamflow
Low flow BEI Baseflow Index: mean of 7-days minimum daily flow within a year divided by mean Streamflow
conditions N annual daily flow
Q5 mmd ! annual/monthly 5th percentile of daily flow Streamflow
High flow HFD annual/monthly High Flow Discharge: 90th percentile of daily flow divided by Streamflow
conditions median daily flow
Q95 mmd ! annual/monthly 95th percentile of daily flow Streamflow
Frequency events Low flow LowEr number of days below 5% of annual mean daily flow divided by the number of days Streamflow
of flow conditions - within a year
High flow . coef variation in daily low flows (daily flows below the annual 75th percentile of
conditions HighFr daily flows) Streamflow
Duration of the Low flow LowDurVar coef variation in daily low flows (daily flows below the annual 25th percentile of Streamflow
flow events conditions daily flows)
High flow mean of 30-day maximum daily flow within a year divided by median annual daily
conditions Mean30dMax flow Streamflow
Tl:::ftgf flow Const _ annual constancy of daily flow (Colwell, 1974) Streamflow
Raéz‘?vf;l:::ie n Rev _ annual number of reversals (change in the sign in the day-to-day change time series) Streamflow
annual/monthly Richard — Baker flashiness: sum of absolute values of day-to-day
RBFlash - changes in daily flow divided by the sum of all daily flows Streamflow
Catchment annual/monthly runoff coefficient: ratio between mean daily flow and mean daily
RunoffCo _ s Streamflow
response precipitation at annual/monthly scales
ACtET mmd-! annual/monthly actual evapotranspiration: daily mean precipitation minus daily Streamflow &

mean flow at annual/monthly scales

PTHBV
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Fig. 2. Distribution of annual values of the 23 descriptors for the pre- and post-wildfire periods in each of the four selected catchments. The box shows 50% of the data (interquartile range),
whiskers refer to percentiles 10th and 90th, solid line represents the median value and x the mean value (in total 17 samples, 14 and 3 in the pre- and post-wildfire periods respectively).

Red boxes represent the highly burnt catchment, orange boxes the moderately burnt catchment and blue boxes the non-burnt catchments.
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Table 5
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Changes in mean values descriptors between pre- and post- wildfire periods for each of the four study catchments (in italic descriptor with temporal significant changes and in bold those

that in addition show significant variations between catchments).

Absolute (Post-Fire — Pre-Fire)

Relative ((Post-Fire — Pre-Fire) / Pre-Fire)- 100

A B C D A B C D
Climate
Prec —76.53 —71.13 —76.71 —58.99 —10.9 -99 —107 —~75
Temp 0.49 0.42 0.42 034 75 6.8 6.8 6.4
Land cover
Fveg —0.41 —0.34 0 —0.02 —55.9 —50.5 —0.6 -32
FSC —0.18 —0.18 —0.11 —0.14 -303 —32 —204 —214
SnowIni 3745 3045 8.64 —0.05 154.7 143.6 38.7 -02
SnowEnd —8.33 -85 —4.38 —10.69 —4.8 —49 —26 —5.7
SnowDays —45.79 —38.95 —13.02 —-10.64 -30.2 —25.2 -8.8 —6.3
Flow signatures
Skew —0.53 —0.58 —0.81 —04 —264 —29.4 —26.5 —22.5
Qsp 0.03 0.09 —0.2 —0.17 5.2 193 254 —24
(aVe] —0.41 —04 —0.31 -03 -31.2 —31 -17.8 —25.3
BFI 0.01 —0.02 0.01 0 14 —-17 303 7
Q5 0.04 0.03 0 0.01 50.6 453 29 13.7
HFD —1.29 —1.46 —24 —1.26 —27.8 —31.9 —28.9 —30
Q95 —0.31 0.04 -1.19 —0.91 —14.9 24 —35.6 -394
LowFr —0.03 0.01 —0.06 —0.04 —60.5 225 —57 —66
HighFr —0.01 —0.02 —0.01 —0.01 —77.8 —88.9 —35 —64.7
LowDurVar —0.38 —0.39 —0.27 —-0.26 —34.9 —36 —19.2 -27.1
Mean30Max —1.26 -1.12 —0.92 —0.86 —28.7 —25.8 —-16.1 —209
Const —0.08 —0.06 0 —0.06 —324 —216 —-16 —26.6
Rev 9.9 10.62 —1.29 —7.48 9.3 133 —-1.1 —~79
RBFlash —0.01 0.04 —0.02 —0.03 —10.5 396 —63 —19.1
RunoffCo 0.06 0.08 —0.07 —0.06 17.5 30.8 —17.7 —179
ActET —0.24 —-0.29 —0.01 0 -18.7 —19.4 -1.2 0.3
4. Results hydrometeorological processes and conditions that are more de-

Temporal changes in each catchment were significant, with no
overlapping of interquartile ranges in descriptor distribution be-
fore and after the wildfire, for 12 of the defined descriptors at the
annual scale (FVeg, FSC, SnowlIni, SnowEnd, SnowDays, Skew,
CVQ, HDF, Q95, LowDurVar, Mean30dMax, ActET) (see highlighted
panels in Fig. 2). All these descriptors, except for SnowEnd, Skew
and HDF, showed considerable differences between burnt and
non-burnt catchments (Table 5). Moreover, when looking at the
monthly scale these changes were only observed for specific
months, but different ones depending on the descriptors. The sea-
sonality of the changes allow linking these variations to specific

—_—
~

A - Highly Burnt

termining during these specific periods, such as initial snowfalls
in late autumn, high peaks in streamflow during the melting season
or heavy precipitation events during summer.

4.1. Natural climate variability

Climate descriptors show variability between the two analyzed pe-
riods, which reflects the natural fluctuation in climate throughout the
years (Table 5 and Fig. 2).

Annual precipitation was about 70 mm lower in the period after the
wildfire, mainly due to a precipitation reduction during December
(30 mm) and June (25 mm) (Fig. A3 and Fig. 3). These changes were
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Fig. 3. Seasonal variation of climate variables: (a) mean daily temperature (left panel) and (b) annual cumulative daily precipitation (right panel) for pre-wildfire (grey lines) and post-

wildfire (coloured lines) periods in each of the four catchments.
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observed similarly in all four catchments with similar relative values of
the differences ranging from —7.5 to —10.9%.

Regarding temperature, mean daily temperature on the annual scale
showed an increase of about 0.4 °C during the analyzed years after the
wildfire (Fig. 2). This was mainly attributed to milder autumn and win-
ter seasons, from September to March (Fig. A3). Moreover, this positive
change helped to balance the little colder springs and summers found
after the wildfire Again, the same temperature variations were detected
in both burnt and reference catchments, with relative differences rang-
ing from 6.4 to 7.5%.

Therefore, these results support the premise of climate cannot be
considered as the dominant driving factor to explain the differences be-
tween burnt and reference sites. In addition to that, they illustrate the
importance of considering climate variability in comparative studies to
avoid making actual hydrological change with climate variations.

4.2. Shifts in land cover

Vegetation EO products helped not only to identify the radical land
cover change after the wildfire but also the vegetation recovery during
the following years (Fig. 4, left panel). Although a fully recovery was
not found three years after the wildfire, satellite products showed that
about 50% of the burnt area has some type of vegetation; with values
of the vegetation fractional cover for catchment A of 0.42 (0.75 in the
pre-wildfire period) and for catchment B of 0.44 (0.69 in the pre-
wildfire period). The new vegetation type cannot be directly captured
by satellite; however, some field campaigns showed that some isolated
pine trees, small shrubs, and carpet of mosses are growing in the burnt
area. (Fig. A1). As expected, no changes in vegetation were found in the
non-burnt reference sites (relative differences lower than 3.5%;
Table 5). The results also clearly identified the duration of the season
with active vegetation cover (April to September).

Regarding snow, EO products have allowed us to clearly identify the
duration of snow season, which ranges from October to April. All catch-
ments showed a reduction of the mean snow fractional cover in the
post-fire period, (Table 5 and Fig. 4, right panel). However, this reduc-
tion increases for the burnt catchments with relative differences about
30% versus 20% in the non-burnt catchments. Moreover, and although
the mean duration of the snow season during the post-wildfire period
was shorter in all studied sites (46, 39, 13 and 10 days for catchments
A, B, C and D respectively), the changes were more than three times
higher in the burnt catchments. This is a consequence of the shift in
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onset of the snow accumulation, which change 37 and 30 days (for A
and B respectively) for the beginning of the snow season. This effect is
not seen in the reference site and thus, it cannot be caused by higher
temperatures but rather by the loss of forest canopy (Fig. 2, boxplot
Fveg). No significant changes are found for the end date of the snow
season.

4.3. Impact on flow signatures

Flow signatures helped us to assess wildfire impact on different
streamflow features. Regarding magnitude of the average flows (Qsp),
despite the distributions of mean streamflow were within the same var-
iation range before and after the wildfire for each of the study catch-
ments, the sign of the change was different in burnt and reference
sites. Namely, this change was positive in burnt site, with an increase
of 5.2 and 19.3% in catchments A and B; and negative in non-burnt
sites, with a decreasing value of —25.4 and — 24% in catchments C
and D. This difference between sites was the main cause of the signifi-
cant change in variation coefficient (CVQ) between burnt and non-
burnt sites, with relative differences of —31% and — 21%, respectively.
Flow skewness (skew) showed a decreasing pattern in all catchments,
with more similar values between mean and median streamflow. How-
ever, in this case, the changes were similar in all study catchments and
therefore non directly attributed to the wildfire (Table 5). In relation to
the magnitude of low flow conditions, low flows (Q5) experienced an
increase in all catchments for the period after the wildfire. The change
was higher in burnt areas (relative differences of 50.6, 45.3, 2.9 and
13.7% for catchments A, B, C and D, respectively), however, the distribu-
tions of the values were within the variation ranges observed before the
wildfire (Fig. 2). Contrasting, the magnitude of high flows (Q95)
showed a general decrease, which was significant in the non-burnt
sites (relative differences of —14.9, 2.4, —35.6 and — 39.4% for catch-
ments A, B, Cand D, respectively). Regarding flow frequency and timing,
none of the descriptors (LowFr, HighFr and Const) showed any remark-
able change. Nevertheless, the differences in the duration of streamflow
extreme events were significant, with shorter duration periods of both
low and high flow conditions (see LowDurVar and Mean30Max in
Fig. 2 and Table 5). All previous findings were in line with the consider-
ably higher number of reversal (Rev) found in the burnt catchments
(relative differences of 9.9, 10.6, —1.3 and — 7.5% for catchments A, B,
Cand D, respectively). Therefore, the wildfire produced a more dynamic
behaviour of the streamflow, with slightly higher mean values
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Fig. 4. Seasonal variation of land cover descriptors: (a) daily fractional vegetation area (left panel) and (b) daily fractional snow cover (right panel) for pre-wildfire (grey lines) and post-

wildfire (coloured lines) periods in each of the four catchments.
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catchments.

translated into smaller variation coefficient, a reduction in duration of
high and low flows conditions and a more oscillating pattern.

In relation to streamflow seasonality, the spring peak of streamflow,
which is directly linked to the melting of the snowpack, occurred
about one month (33 days in average for the two sites) earlier in
the burnt sites after the wildfire. However, this change was not
seen in the reference sites (Fig. 5 right panel). Analysing changes in
specific months, a significant increase in flashiness (RBFlash) was
found in the burnt catchments in November. This change was linked
with the delay of the accumulation of snow. In December, a decrease
was also found in evaporation (ActET), which was only significant in
the burnt areas. The general decrease in all catchments can be ex-
plained by the significant reduction of precipitation registered dur-
ing this month. In addition to that, the significance in the burnt
areas could be a consequence of the higher peaks in November
which unbalance streamflow in relation to the reference catchments.
No further remarkable differences were found during late winter and
spring. It is in summer when differences in mean streamflow were
observed in burnt catchments. Significant changes with higher
skewness, variation coefficient and flashiness were showed in Au-
gust. In September, the changes were significant for extreme flows
(Q5, Q95) and flashiness (RBFlash). The combination of a wetter
summer with the lower interception storage capacity after vegeta-
tion canopy removal, as well as, lower soil capacity to retain water
due to loss of soil during the wildfire event, are probably two main
factors controlling these changes during the summer period.

5. Discussion

Three main changes in the hydrological regimen were identified
after the wildfire: (i) variation in duration and timing of snow season;
(ii) change in flow dynamics conditions, with smaller variation coeffi-
cient, a reduction in duration of high and low flows conditions and a
more oscillating pattern; and, (iii) variations in catchment response
(flashiness, runoff coefficient and actual evapotranspiration) from
rainfall-events mainly during summer, but also in late autumn. These
changes may be attributed to variations in some hydrological drivers
over the burnt catchments, mainly a different partitioning of precipita-
tion due to a lower interception, which may result in a different magni-
tude of the water and energy fluxes generated before and after the
wildfire (Fig. 6). All these changes have a strong seasonal component,

where snow storage is primarily affected during late autumn, winter
and early spring and the soil storage during late spring and summer
(Figs. A3-AB).

The reduction of duration in the snow season was a direct conse-
quence of the wildfire. The loss of forest canopy modified the snow in-
terception by reducing the amount of snow stored by the canopy.
Hence, snow was no longer kept in the tree crowns but directly reached
the ground, with a consequence modification of the effective snowfall
(Fig. 6). Although the remained dead branches could store some snow,
these amounts are often negligible compared to those accumulated in
non-burnt Boreal forest (e.g. Hedstrom and Pomeroy, 1998). According
to Pomeroy and Schmidt (1993), the total canopy snow interception in
Boreal forest can reach 60% of the total snowfall and it can be translated
into a total sublimation loss component than can reach 30-40% of the
total intercepted snow. These proportions changed after the wildfire
with larger amounts of snow reaching the ground. However, the higher
exposition to solar radiation (Gary, 1974) and wind (Link and Marks,
1999) made the snowpack melting rate quicker, and shortened the du-
ration of the season. In addition, the charred forest remains, which dirt-
ied the snowpack, may also have contributed to this change of melting
rates. Lower snow albedo is specifically important in the first snow sea-
son after the wildfire (Gleason et al., 2013). Similar reduction was
showed in the first snow after a wildfire in other areas worldwide,
with mean reduction of 7.5 over the Sierra Nevada Mountains in Califor-
nia (Micheletty et al., 2014) and 23 days in a sub-alpine forest in Oregon
(Gleason et al., 2013). However, in the Vdstmanland wildfire this reduc-
tion seems to be more accentuated, with a mean short of 42 days. This
difference could be explained by its location at higher latitude than
the other study areas, which could make it more sensitive to changes
in longwave radiation due to general lack of daylight during winter
(Sicart et al., 2006). Moreover, the trend observed in the second and
third years after the wildfire points to closer values to those observed
in the reference sites for the same period.

Regarding changes in flow dynamic conditions, it is known that
wildfires alter interception, infiltration, and evapotranspiration dynam-
ics (Nolan et al., 2014; Desilets et al., 2007; Anderson et al., 1976). Pre-
vious studies in a Boreal forest nearby our study area (about 200 km to
the east of the Vastmanland wildfire) quantified the water stored in the
canopy by interception up to 20-30% of the total water balance (Grelle
et al., 1999). Without the tree canopy, this interception capacity is neg-
ligible. But not only interception is affected, also evapotranspiration
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Fig. 6. Conceptual scheme of water storages and fluxes in the system (a) pre and (b) post the wildfire. The size of the arrows indicates the magnitude of the flux in the system.

from the canopy, which the same study quantifies as 85% of the total
evapotranspiration. The other 15% of evapotranspiration would corre-
spond to evaporation from the soil, which after the wildfire was almost
removed (see Fig. A1 bottom panels in the Appendix) and thus its ca-
pacity to store and evaporate water. Soil losses were mainly a conse-
quence of soil structure collapse produced by the high temperatures
reached during the wildfire. It was interesting enough that despite
this a priori higher water availability to produce runoff and maybe
more extreme events in river discharges as usually observed in other
studies world-wide (e.g. Lavabre et al. (1993) in France, Montes-Helu
et al. (2009) in eastern USA, and Nolan et al. (2014) in Australia; and
Evans et al. (1999) in Australia, Inbar et al. (1998) in Israel and Moody
and Martin (2001b) in western USA), the general streamflow behaviour
was reflected in more oscillating flow but without big extremes. The
constant character of the precipitation during autumn and spring
favoured this more homogeneous response of the flow. Moreover, the
presence of snow made that during snow season water available was
dampened by the snowpack regardless of the magnitude of the precip-
itation events. However, the quicker melting rates in burnt sites due to a
higher exposition to solar radiation and wind, not only shifted the peak
of streamflow consequence of final spring melting, but also altered the
melting dynamics during the snow season. This fact has been especially
significant at the beginning of the snow season, when variation in flash-
iness was found due to a quicker accumulation and melting dynamics in
shallow snowpacks. It was only during the summer, with higher precip-
itation intensities when magnitude and intensity of higher streamflow
were significant as expected.

As a final remark, it should be recognized that the findings in this
empirical study are dependent on the data availability. Therefore, the
results may be affected by discrepancy in time-series duration and
gaps. Nevertheless, there are other inherent data uncertainty (e.g. the
different instruments used in the flow gauging stations and the com-
mon error associated to them, the possible smoothed interpolation of
the weather, or the uncertainty in the algorithm used in deriving EO

products) that has not been assessed in this study but can also influence
our findings. Moreover, it should be noted that overall, the detected im-
pact on hydrology from wildfires is rather small compared to other
changes on going changes, specially river regulation (Arheimer et al.,
2017). Arheimer and Lindstrom (2019) stated that regulation of river
flow has the largest impact on the hydrological regime, reducing spring
floods with up to 100% and increasing winter flow by several orders of
magnitude. On the contrary climate changed the total river flow up to
20% and tree removal by wildfires and storms has minor impacts at me-
dium and large scales.

6. Conclusions

This study proves that wildfires impact Boreal hydrology, and
therefore, it can be considered as pilot study to identify and tackle
its consequences extrapolating the local effects on the hydrological
regime to other Boreal areas. The main findings of this study can be
summarized:

- Water fluxes (interception, effective precipitation, infiltration,
evapotranspiration, ablation) have been modified by the wild-
fire, not only by changes in the capacity of snow, vegetation,
and soil storages to retain water but also altering their previous
partitioning.

- The loss of tree canopy has changed previous infiltration, inter-
ception, evapotranspiration, and snow patterns; not only modi-
fying the capacity of soil, vegetation and snow to retain water,
but also altering the water fluxes between them, with different
significance depending on variables and temporal scales studied.

- Hydrological changes on the annual scale were found in relation
to snow season duration, shorter and with a later beginning. In
addition, more dynamic behaviour of the streamflow, with
slightly higher mean values translated into smaller variation co-
efficient, a reduction in duration of high and low flows conditions
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and a more oscillating pattern were detected in the burnt catch-
ments. On the seasonal scale the main significant changes were
found in summer, with higher and flashy streamflow events in
the burnt catchments.

- The comparison of burnt and non-burnt catchments has proven
to be efficient to separate wildfire impact in the hydrological re-
gime from natural climate variability. Moreover, the use of flow
signatures has allowed differentiating streamflow behaviour fur-
ther than a simple time-series analysis. Finally, using of EO prod-
ucts has added an extra value to the study, since it has helped not
only in the mapping of the burnt areas and their severity, but also
to evaluate vegetation recovery and snow influence. Three years
after the wildfire half of the area has recovered some type of
vegetation.
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Fig. A1. Example of the new vegetation appearing after the Vdstmanland wildfire (four upper photos) and soil losses (two bottom photos).

The model performance for the study sites was evaluated for each of the defined flow signatures (Table 4) concluding that only significant
changes between model and observations appear for the signature on annual number of reversals, defined as the number of changes in the sign

in the day-to-day time series during the year (Rev).
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Fig. A2. Annual distribution of the 16 flow signatures for observation (Table 2) and simulated (S-HYPE) values in each of the four selected sites. Red box highly burnt site

moderately burnt site and blue boxes, non- burnt.
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Fig. A3. Seasonal distribution of the climate and land cover descriptors defined at monthly scale for the pre- and post-wildfire period in each of the four selected sites. Red box highly burnt

site; orange box moderately burnt site and blue boxes, non-burnt areas.



Science of the Total Environment 756 (2021) 143519

R. Pimentel and B. Arheimer

Apr May Jun Jul Aug Sep

Feb Mar

Nov Dec Jan

Oct

weusges g von [0
weareig g kswesspon ||
wennznsa wana s [0 [,

faud-q

oe 02 Ol
(Aep/ww) dsp

Fig. A4. Seasonal distribution of streamflow descriptors (flow signatures referring to magnitude) defined at monthly scale for the pre- and post-wildfire period in each of the four selected

sites. Red box highly burnt site; orange box moderately burnt site and blue boxes, non-burnt areas.

Jul

Apr

Oct

May Jun Aug Sep

Feb Mar

Nov Dec Jan

[R——
T | et wownes wng hmeecon ] | ...
3 < Y [ o iy
ot | T} e [
=y
) I_H_H_J e g
ki =)
) Ty
=y <=5
ey =
............. ] o
B f &
= =
............. =3 s
£ g5
e o
A f
............. o
o
..... .
resl
““““““““ ool
)
“““““““““““““““ =8 [
................. i)
5%
rexmy b
............. T
a
e
““““““““ <t
-
=5 r
) y
...................... b | E
“““““ B U )
T PR —

2l 80 o 00
(Rep/ww) SO

(Rep/ww)seD

aid-q
aid-n
aid-g
aid-y
aid-q
aid-9o
aid-g
ald-y
aid-q
aid-9
aid-g
aid-y
aid-q
aid-n
aid-g
aid-y
aid-q

aid-g
feud-y
aid-q
aid-D
aid-g
ald-y

Fig. AS5. Seasonal distribution of streamflow descriptors (flow signatures referring to duration and timing) defined at monthly scale for the pre- and post-wildfire period in each of the four

selected sites. Red box highly burnt site; orange box moderately burnt site and blue boxes, non-burnt areas.

13



R. Pimentel and B. Arheimer

Science of the Total Environment 756 (2021) 143519

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
é S ' ' )
TR N T I | i i
5 AL A A
(=] i i i i - i
o) flond mﬁgﬂ o L. waﬁ B | | |
o“ L B S B S B B B S 3 B 0 B S B S B S S B B S B B B S B B B S B e S B B S B S B B B B e
o] | i | o iy
. i i i i i i x ] gg;
. o o
Qo ? | i ! 5 3
= [ i i i i i -
2 ol | 1 ! ! : ¢ § OO0
= 1 | | é : : ]
R ! ‘ ! ! ! : i
o :ﬂﬁ [ﬁéﬁﬁw&&a Eﬁ??‘ %E'E **&&Iﬁﬁwﬁ:ﬁﬂuwﬁﬁ@waa-@w-@:
5
°
E
£ -
5o
E
8 <
C\II_

Fig. A6. Seasonal distribution of streamflow descriptors (flow signatures referring to catchment response) defined at monthly scale for the pre- and post-wildfire period in each of the four
selected sites. Red box highly burnt site; orange box moderately burnt site and blue boxes, non-burnt areas.

References

Aldersley, A., Murray, S.J., Cornell, S.E., 2011. Global and regional analysis of climate and
human drivers of wildfire. Sci. Total Environ. 409 (18), 3472-3481. https://doi.org/
10.1016/j.scitotenv.2011.05.032.

Andela, N., et al., 2017. A human-driven decline in global burned area. Science 356
(6345), 1356-1362. https://doi.org/10.1126/science.aal4108.

Anderson, HW., Hoover, M.D,, Reinhart, K.G., 1976. Forests and water: effects of forest
management on floods, sedimentation, and water supply, General Technical Report
PSW-018. vol. 115. US. Department of Agriculture, Forest Service, Pacific Southwest
Forest and Range Experiment Station, Berkeley, CA, p. 018 Available from. https://
www.fs.usda.gov/treesearch/pubs/24048. (Accessed 30 May 2019).

Arheimer, B., Donnelly, C., Lindstrom, G., 2017. Regulation of snow-fed rivers affects flow
regimes more than climate change. Nature Communication 8 (1), 62. https://doi.org/
10.1038/s41467-017-00092-8.

Arheimer, B., Lindstrom, G., 2019. Detecting changes in river flow caused by wildfires,
storms, urbanization, regulation, and climate across Sweden. Water Resour. Res. 55
(11), 8990-9005. https://doi.org/10.1029/2019WR024759.

Baird, M., Zabowski, D., Everett, R.L, 1999. Wildfire effects on carbon and nitrogen in in-
land coniferous forests. Plant Soil 209 (2), 233-243. https://doi.org/10.1023/A:
1004602408717.

Barber, T.R,, Lutes, C.C,, Doorn, M.RJ., Fuchsman, P.C,, Timmenga, H.J., Crouch, R.L., 2003.
Aquatic ecological risks due to cyanide releases from biomass burning. Chemosphere

0 (3), 343-348. https://doi.org/10.1016/50045-6535(02)00532-5.

Beeson, C, Martens, N., Breshears, D,, 2001. Simulating overland flow following wildfire:
mapping vulnerability to landscape disturbance. Hydrol. Process. 15 (15),
2917-2930. https://doi.org/10.1002/hyp.382.

Bléschl, G, Sivapalan, M., 1995. Scale issues in hydrological modelling: a review. Hydrol.
Process. 9 (3-4), 251-290. https://doi.org/10.1002/hyp.3360090305.

Bloschl, G., Ardoin-Bardin, S., Bonell, M., Dorninger, M., Goodrich, D., Gutknecht, D.,
Matamoros, D., Merz, B, Shand, P., Szolgay, ., 2007. At what scales do climate vari-
ability and land cover change impact on flooding and low flows? Hydrol. Process.
21 (9), 1241-1247. https://doi.org/10.1002/hyp.6669.

Bodin, 0., Nohrstedt, D., 2016. Formation and performance of collaborative disaster man-
agement networks: evidence from a Swedish wildfire response. Glob. Environ. Chang.
41, 183-194. https://doi.org/10.1016/j.gloenvcha.2016.10.004.

14

Boer-Euser, T., McMillan, H., Hrachowitz, M., Winsemius, H., Savenije, H., 2016. Influence
of soil and climate on root zone storage capacity. Water Resour. Res. 52 (3),
2009-2024. https://doi.org/10.1002/2015WR018115.

Bohlin, L., Olsson, H., Bohlin, ]., Granstrém, A., 2017. Quantifying post-fire fallen trees using
multi-temporal lidar. Int ] Appl Earth Obs 63, 186-195. https://doi.org/10.1016/].
jag.2017.08.004.

Bracken, L., Croke, ]., 2007. The concept of hydrological connectivity and its contribution
to understanding runoff-dominated geomorphic systems. Hydrol. Process. 21 (13),
1749-1763. https://doi.org/10.1002/hyp.6313.

Bronstert, A, Niehoff, D., Biirger, G., 2002. Effects of climate and land-use change on storm
runoff generation: present knowledge and modelling capabilities. Hydrol. Process. 16
(2), 509-529. https://doi.org/10.1002/hyp.326.

Brown, A.E., Zhang, L., McMahon, T.A., Western, A.W., Vertessy, R.A., 2005. A review
of paired catchment studies for determining changes in water yield resulting
from alterations in vegetation. ]J. Hydrol. 310 (1), 28-61. https://doi.org/
10.1016/j.jhydrol.2004.12.010.

Burles, K., Boon, S., 2011. Snowmelt energy balance in a burned forest plot, Crowsnest
Pass, Alberta, Canada. Hydrol Process 25 (19), 3012-3029. https://doi.org/10.1002/
hyp.8067.

Calder, LR., 2005. Blue Revolution: Integrated Land and Water Resources Management.
2nd edition. Routledge, London; Sterling, VA.

Cammeraat, LH., 2002. A review of two strongly contrasting geomorphological systems
within the context of scale. Earth Surf. Process. Landf. 27 (11), 1201-1222. https://
doi.org/10.1002/esp.421.

Cassiani, G., Boaga, J., Vanella, D., Perri, M.T., Consoli, S., 2015. Monitoring and modelling
of soil-plant interactions: the joint use of ERT, sap flow and eddy covariance data
to characterize the volume of an orange tree root zone. Hydrol. Earth Syst. Sci. 19
(5), 2213-2225. https://doi.org/10.5194/hess-19-2213-2015.

Cerda, A, Robichaud, P.R., 2009. Fire Effects on Soils and Restoration Strategies. CRC Press.

Colwell, R.K., 1974. Predictability, constancy, and contingency of periodic phenomena.
Ecology 55 (5), 1148-1153. https://doi.org/10.2307/1940366.

Crockford, R.H., Richardson, D.P., 2000. Partitioning of rainfall into throughfall, stemflow
and interception: effect of forest type, ground cover and climate. Hydrol Process 14
(16-17), 2903-2920. https://doi.org/10.1002/1099-1085(200011/12)14:16/
17<2903::AID-HYP126:>3.0.C0O;2-6.



R. Pimentel and B. Arheimer

Desilets, S.L.E., Nijssen, B., Ekwurzel, B., Ferré, T.P.A., 2007. Post-wildfire changes in
suspended sediment rating curves: Sabino canyon, Arizona. Hydrol. Process. 21
(11), 1413-1423. https://doi.org/10.1002/hyp.6352.

Didan, K., 2015a. MOD13Q1 MODIS/Terra Vegetation Indices 16-Day L3 Global 250m SIN
Grid V006, NASA EOSDIS LP DAAC. https://doi.org/10.5067/MODIS/MYD13Q1.006.

Didan, K., 2015b. MYD13Q1 MODIS/Aqua Vegetation Indices 16-Day L3 Global 250m SIN
Grid V006, NASA EOSDIS LP DAAC. https://doi.org/10.5067/MODIS/MYD13Q1.006.

Dozier, ]., 1989. Spectral signature of alpine snow cover from the Landsat thematic map-
per. Remote Sens. Environ. 28, 9-22. https://doi.org/10.1016/0034-4257(89)90101-6.

Ebel, B.A., Hinckley, E.S., Martin, D.A., 2012. Soil-water dynamics and unsaturated storage
during snowmelt following wildfire. Hydrol. Earth Syst. Sci. 16 (5), 1401-1417.
https://doi.org/10.5194/hess-16-1401-2012.

Evans, K.G., Saynor, M., Willgoose, G.R., 1999. Changes in hydrology, sediment loss and
microtopography of a vegetated mine waste rock dump impacted by fire. Land
Degrad. Dev. 10 (6), 507-522. https://doi.org/10.1002/(SICI)1099-145X(199911/12)
10:6<507::AID-LDR341>3.0.CO;2.

Faria, D.A,, Pomeroy, | W., Essery, RLH., 2000. Effect of covariance between ablation and
snow water equivalent on depletion of snow-covered area in a forest. Hydrol. Pro-
cess. 14 (15), 2683-2695. https://doi.org/10.1002/1099-1085(20001030)14:
15<2683::AID-HYP86>3.0.CO;2-N.

Ferreira, AJ.D., Coelho, C.O.A., Boulet, AK, Lopes, F.P., 2005. Temporal patterns of solute
loss following wildfires in Central Portugal. Int. ]. Wildland Fire 14 (4), 401. https://
doi.org/10.1071/WF05043.

Gary, H.L, 1974. Snow accumulation and snowmelt as influenced by a small clearing in a
lodgepole pine forest. Water Resour. Res. 10 (2), 348-353. https://doi.org/10.1029/
WR010i002p00348.

Gerrits, AMJ., Pfister, L, Savenije, H.H.G., 2010. Spatial and temporal variability of canopy
and forest floor interception in a beech forest. Hydrol. Process. 24 (21), 3011-3025.
https://doi.org/10.1002/hyp.7712.

Gleason, KEE., Nolin, A, 2016. Charred forests accelerate snow albedo decay: parameteriz-
ing the post-fire radiative forcing on snow for three years following fire. Hydrol.
Proced. 30 (21), 3855-3870. https://doi.org/10.1002/hyp.10897.

Gleason, KE., Nolin, AW., Roth, T.R., 2013. Charred forests increase snowmelt: effects of
burned woody debris and incoming solar radiation on snow ablation. Geophys. Res.
Lett. 40 (17), 4654-4661. https://doi.org/10.1002/grl.50896.

Grelle, A, Lindroth, A., Mélder, M., 1999. Seasonal variation of boreal forest surface con-
ductance and evaporation. Agric. For. Meteorol. 98-99, 563-578. https://doi.org/
10.1016/50168-1923(99)00124-0.

Gutman, G., Ignatov, A., 1998. The derivation of the green vegetation fraction from NOAA/
AVHRR data for use in numerical weather prediction models. Int. ]. Remote Sens. 19
(8), 1533-1543. https://doi.org/10.1080/014311698215333.

Hall, DK, Riggs, G.A., 2016. MODIS/Terra Snow Cover 8-day L3 Global 500m Grid, Version
6. Boulder, Colorado USA. NASA National Snow and Ice Data Center Distributed Active
Archive Center. https://doi.org/10.5067/MODIS/MOD10A2.006.

Hall, ], Arheimer, B., Borga, M., Brazdil, R., Claps, P., Kiss, A., Kjeldsen, T.R., Kriau¢itiniené, J.,
Kundzewicz, ZW., Lang, M., Llasat, M.C., Macdonald, N., McIntyre, N., Mediero, L.,
Merz, B., Merz, R., Molnar, P., Montanari, A., Neuhold, C,, Parajka, ]., Perdigdo, RA.P,,
Plavcova, L., Rogger, M., Salinas, ].L., Sauquet, E., Schir, C., Szolgay, ]., Viglione, A.,
Bléschl, G., 2014. Understanding flood regime changes in Europe: a state-of-the-art
assessment. Hydrol. Earth Syst. Sci. 18 (7), 2735-2772. https://doi.org/10.5194/
hess-18-2735-2014.

Hallema, D.W., Sun, G., Caldwell, P.V., Norman, S.P., Cohen, E.C, Liu, Y., Bladon, K.D.,
McNulty, S.G., 2018. Burned forests impact water supplies. Nat. Commun. 9 (1),
1307. https://doi.org/10.1038/s41467-018-03735-6.

Harpold, A.A., Biederman, J.A., Condon, K., Merino, M., Korgaonkar, Y., Nan, T., Sloat, L.,
Ross, M., Brooks, P.D., 2014. Changes in snow accumulation and ablation following
the Las Conchas Forest fire, New Mexico, USA. Ecohydrology 7 (2), 440-452.
https://doi.org/10.1002 /eco.1363.

Havel, A., Tasdighi, A., Arabi, M., 2018. Assessing the hydrologic response to wildfires in
mountainous regions. Hydrol. Earth Syst. Sci. 22, 2527-2550. https://doi.org/
10.5194/hess-22-2527-2018.

Hedstrom, N.R., Pomeroy, ].W., 1998. Measurements, and modelling of snow interception
in the boreal forest. Hydrol. Process. 12, 10-11. https://doi.org/10.1002/(SICI)1099-
1085(199808/09)12:10/11<1611::AID-HYP684>>3.0.C0O;2-4.

Huete, A, Didan, K., van Leeuwen, W., Miura, T., Glenn, E., 2010. MODIS vegetation indi-
ces. In: Ramachandran, B., Justice, C., Abrams, M. (Eds.), Land Remote Sensing and
Global Environmental Change. Remote Sensing and Digital Image Processing. vol
11. Springer, New York, NY.

Hulbert, L.C,, 1960. Fire and litter effects in undisturbed bluestem prairie in Kansas. Ecol-
ogy 50 (5), 874-877. https://doi.org/10.2307/1933702.

Inbar, M., Tamir, M., Wittenberg, L., 1998. Runoff and erosion processes after a forest fire
in Mount Carmel, a Mediterranean area. Geomorphology 24 (1), 17-33. https://doi.
org/10.1016/S0169-555X(97)00098-6.

Jeffery, M.L,, Yanites, B,J., Poulsen, CJ., Ehlers, T.A., 2014. Vegetation-precipitation controls
on central Andean topography. ] Geophys Res-Earth 119 (6), 1354-1375. https: //doi.
org/10.1002/2013JF002919.

Johansson, B., 2000. Areal precipitation and temperature in the Swedish mountains an
evaluation from a hydrological perspective. Hydrol. Res. 31 (3), 207-228. https://
doi.org/10.2166/nh.2000.0013.

Johansson, B., Chen, D., 2003. The influence of wind and topography on precipitation dis-
tribution in Sweden: statistical analysis and modelling. Int. J. Climatol. 23 (12),
1523-1535. https://doi.org/10.1002/joc951.

Johansson, B., Chen, D., 2005. Estimation of areal precipitation for runoff modelling using
wind data: a case study in Sweden. Clim. Res. 29 (1), 53-61. https://doi.org/10.3354/
cr029053.

15

Science of the Total Environment 756 (2021) 143519

Kim, EJ., Oh, J.E., Chang, Y.S., 2003. Effects of forest fire on the level and distribution of
PCDD/Fs and PAHs in soil. Sci. Total Environ. 311 (1-3), 177-189. https://doi.org/
10.1016/S0048-9697(03)00095-0.

Kuentz, A, Arheimer, B, Hundecha, Y., Wagener, T., 2017. Understanding hydrologic var-
iability across Europe through catchment classification. Hydrol. Earth Syst. Sci. 21 (6),
2863-2879. https://doi.org/10.5194/hess-21-2863-2017.

Lavabre, ]., Torres, D.S., Cernesson, F., 1993. Changes in the hydrological response of a
small Mediterranean basin a year after a wildfire. J. Hydrol. 142 (1), 273-299.
https://doi.org/10.1016/0022-1694(93)90014-Z.

Liancourt, P., Sharkhuu, A., Ariuntsetseg, L., Boldgiv, B., Helliker, BR,, Plante, AF,, Petraitis,
P.S., Casper, B.B,, 2012. Temporal and spatial variation in how vegetation alters the
soil moisture response to climate manipulation. Plant Soil 351 (1-2), 249-261.
https://doi.org/10.1007/5s11104-011-0956-y.

Lidskog, R., Sjodin, D., 2016. Extreme events and climate change: the post-disaster dy-
namics of forest fires and forest storms in Sweden. Scand ] Forest Res 31 (2),
148-155. https://doi.org/10.1080/02827581.2015.1113308.

Lindstrém, G., Pers, C., Rosberg, J., Stromqvist, J., Arheimer, B, 2010. Development and
testing of the HYPE (hydrological predictions for the environment) water quality
model for different spatial scales. Hydrol. Res. 41 (3-4), 295-319. https://doi.org/
10.2166/nh.2010.007.

Link, T., Marks, D., 1999. Distributed simulation of snowcover mass- and energy-balance
in the boreal forest. Hydrol. Process. 13 (14-15), 2439-2452. https://doi.org/
10.1002/(SICI)1099-1085(199910)13:14/15<2439::AID-HYP866>3.0.C0;2-1.

Loferen, S., Ring, E., von Bromssen, C., Serensen, R., Hogbom, L., 2009. Short-term effects of
clear-cutting on the water chemistry of two boreal streams in northern Sweden: a
paired catchment study. AMBIO 38 (7), 347-356. https://doi.org/10.1579/0044-
7447-38.7.347.

Madduma Bandara, CM., 1974. Drainage density and effective precipitation. ]. Hydrol. 21
(2), 187-190. https://doi.org/10.1016/0022-1694(74)90036-5.

Mast, M.A., Clow, D.W., 2008. Effects of 2003 wildfires on stream chemistry in glacier Na-
tional Park, Montana. Hydrol. Process. 22 (26), 5013-5023. https://doi.org/10.1002/
hyp.7121.

Micheletty, P.D., Kinoshita, A.M., Hogue, T.S., 2014. Application of MODIS snow cover
products: wildfire impacts on snow and melt in the Sierra Nevada. Hydrol. Earth
Syst. Sci. 18 (11), 4601-4615. https://doi.org/10.5194/hess-18-4601-2014.

Mollicone, D., Eva, H.D., Achard, F., 2006. Ecology: human role in Russian wild fires. Nature
440 (7083), 436-437. https://doi.org/10.1038/440436a.

Montes-Helu, M.C.; Kolb, T.; Dore, S.; Sullivan, B.; Hart, S.C.; Koch, G.; Hungate, B.A. Persis-
tent effects of fire-induced vegetation change on energy partitioning and evapotrans-
piration in ponderosa pine forests. Agric. For. Meteorol. 2009, 149(3), 491-500. doi:
https://doi.org/10.1016/j.agrformet.2008.09.011, 2009.

Moody, J.A., Martin, D.A., 2001a. Initial hydrologic and geomorphic response following a
wildfire in the Colorado front range. Earth Surf. Process. Landf. 26 (10), 1049-1070.
https://doi.org/10.1002/esp.253.

Moody, J.A., Martin, D.A., 2001b. Post-fire, rainfall intensity-peak discharge relations for
three mountainous watersheds in the western USA. Hydrol. Process. 15 (15),
2981-2993. https://doi.org/10.1002/hyp.386.

Murphy, ].D,, Johnson, D.W,, Miller, W.W.,, Walker, RF., Blank, R.R,, 2006. Prescribed fire
effects on forest floor and soil nutrients in a Sierra Nevada Forest. Soil Sci. 171 (3),
181-199. https://doi.org/10.1097/01.s5.0000193886.35336.d8.

Nolan, RH., Lane, P.NJ., Benyon, R.G., Bradstock, R.A., Mitchell, P.J., 2014. Changes in
evapotranspiration following wildfire in resprouting eucalypt forests. Ecohydrology
7 (5), 1363-1377. https://doi.org/10.1002/eco0.1463.

Olden, ].D., Poff, N.L., 2003. Redundancy and the choice of hydrologic indices for charac-
terizing streamflow regimes. River Res. Appl. 19 (2), 101-121. https://doi.org/
10.1002/rra.700.

Onda, Y., Dietrich, W.E., Booker, F., 2008. Evolution of overland flow after a severe forest
fire, point Reyes, California. CATENA 72 (1), 13-20. https://doi.org/10.1016/].
catena.2007.02.003.

Pomeroy, ].W., Schmidt, R.A., 1993. The use of fractal geometry in Modelling intercepted
snow accumulation and sublimation. Proceedings of the 50th Eastern Snow Confer-
ence/61st Westerm Snow Conference, pp. 1-10.

Qazi, N.Q., Bruijnzeel, L.A., Rai, S.P., Ghimire, C.P., 2017. Impact of forest degradation
on streamflow regime and runoff response to rainfall in the Garhwal Himalaya,
Northwest India. Hydrol. Sci. J. 62 (7), 1114-1130. https://doi.org/10.1080/
02626667.2017.1308637.

Scanlon, B.R., Reedy, R.C,, Stonestrom, D.A., Prudic, D.E., Dennehy, K.F, 2005. Impact of
land use and land cover change on groundwater recharge and quality in the south-
western US. Glob. Chang. Biol. 11 (10), 1577-1593. https://doi.org/10.1111/j.1365-
2486.2005.01026.x.

Scholze, M., Knorr, W., Arnell, N.W,, Prentice, 1.C., 2006. A climate-change risk analysis for
world ecosystems. PNAS 103 (35), 13116-13120. https://doi.org/10.1073/
pnas.0601816103.

Seibert, ., van Meerveld, HJ., 2016. Hydrological change modeling: challenges and oppor-
tunities. Hydrol. Process. 30 (26), 4966-4971. https://doi.org/10.1002/hyp.10999.

Seibert, J., McDonnell, ].J., Woodsmith, R.D., 2010. Effects of wildfire on catchment runoff
response: a modelling approach to detect changes in snow-dominated forested
catchments. Hydrol. Res. 41 (5), 378-390. https://doi.org/10.2166/nh.2010.036.

Sicart, J.E., Pomeroy, |.W., Essery, R.L.H., Bewley, D., 2006. [ncoming longwave radiation to
melting snow: observations, sensitivity and estimation in northern environments.
Hydrol. Process. 20. https://doi.org/10.1002/hyp.6383, 3697-3708, 2006.

Silva, ].S., Rego, F.C., Mazzoleni, S., 2006. Soil water dynamics after fire in a Portu-
guese shrubland. Int. ]. Wildland Fire 15 (1), 99-111. https://doi.org/10.1071/
‘WF04057.



R. Pimentel and B. Arheimer

Smith, H.G., Sheridan, G.J., Lane, P.NJ., Nyman, P, Haydon, S., 2011. Wildfire effects on
water quality in forest catchments: a review with implications for water supply.
J. Hydrol. 396 (1), 170-192. https://doi.org/10.1016/j.jhydrol.2010.10.043.

Stoof, C.R., Vervoort, RW., Iwema, ], van den Elsen, E., Ferreira, AJ.D., Ritsema, CJ., 2012.
Hydrological response of a small catchment burned by experimental fire. Hydrol.
Earth Syst. Sci. 16 (2), 267-285. https://doi.org/10.5194/hess-16-267-2012.

Stréomqvist, J., Arheimer, B., Dahné, J., Donnelly, C,, Lindstrém, G., 2012, Water and nutri-
ent predictions in ungauged basins: set-up and evaluation of a model at the national
scale. Hydrol. Sci. J. 57 (2), 229-247. https://doi.org/10.1080/02626667.2011.637497.

Tucker, CJ.,, 1979. Red and photographic infrared linear combinations for monitoring veg-
etation. Remote Sens. Environ. 8 (2), 127-150. https://doi.org/10.1016/0034-4257
(79)90013-0.

16

Science of the Total Environment 756 (2021) 143519

van der Ent, RJ, Wang-Erlandsson, L., Keys, P.W., Savenije, HH.G., 2014. Contrasting roles
of interception and transpiration in the hydrological cycle — part 2: moisture
recycling. Earth Syst. Dyn. 5 (2), 471-489. https://doi.org/10.5194/esd-5-471-2014.

Wang-Erlandsson, L, van der Ent, RJ., Gordon, L., Savenije, H.H.G., 2014. Contrasting
roles of interception and transpiration in the hydrological cycle — part 1: temporal
characteristics over land. Earth Syst. Dyn. 5 (2), 441-469. https://doi.org/10.5194/
esd-5-441-2014.

Woods, S.W., Balfour, V.N., 2008. The effect of ash on runoff and erosion after a severe for-
est wildfire, Montana, USA. Int. ]. Wildland Fire 17 (5), 535-548. https://doi.org/
10.1071/WF07040.



