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A B S T R A C T

The large wildfires of January 2017 burned more than 500,000 ha, including areas of high conservation value
native forest, in central Chile. Runoff, streamflow and water balance were measured in a native forest catchment
for 7 years before and 2 years after the fires. The annual peak flows and runoff coefficients decreased after the
fire as did summer flows and total streamflow. These reductions in flow were despite rainfall being higher in the
two years after the fire than in the two years before the fire. The forest re-sprouted vigorously after the fire and
evapotranspiration in the second year after the fire was approximately two thirds of the rate before the fire.
While the forest water use is recovering rapidly, streamflow in the two years after the fire was reduced relative to
the seven years before the fire. In the two years after the fires, more than 50% of rainfall is not accounted for by
either evapotranspiration or by streamflow. Potential explanations for this gap in the water balance include
recovery in storage after the fire and increased bypass flow below the measuring weirs.

1. Introduction

The largest single wildfire event in the recent history of Chile,
known locally as the ‘las maquinas’ fires, burned more than 500,000 ha
of land in Central Chile in January of 2017 (De la Barrera et al., 2018).
The extent of these fires was unprecedented in the post Columbian
history of Chile and caused loss of life, property and the destruction of
native forest, crops and large areas of commercial plantations. The ef-
fect of these fires on forest production and natural ecosystems in the
region will likely be long lasting. In the region where the fires occurred
the security of water supply is also a daily concern for the local people
with many dependent on local stream and well extraction. The removal
of vegetation cover and the litter layer has the potential to affect
catchment hydrologic processes such as interception, evaporation and
transpiration, as well as infiltration rates and expose the soil more di-
rectly to the impact of rainfall (Nolan et al., 2015; Poon and Kinoshita,

2018; Shakesby and Doerr, 2006). These factors may also result in
changes to baseflow, peak flow and water yield (Kinoshita and Hogue,
2011). Such fundamental changes in hydrologic processes (DeBano
et al., 1998) have the potential to affect the security of water supply for
local people. Quantifying and understanding these changes will there-
fore be very important as a basis for future forest and water manage-
ment strategies in the region.

The most commonly observed pattern of evapotranspiration and
streamflow after a fire may be characterised by three phases described
by the Kuczera curves (Kuczera, 1987). Immediately after the fire
streamflow increases for a period due primarily to a reduction in cover
and evapotranspiration (Scott, 1993; Wine et al., 2018). In the second
post-fire phase, as the forest cover increases, evaporation also increases
and eventually streamflow is less than immediately before the fire
(Jayasuriya et al., 1993). In a third phase, the forest ages and stream-
flow return to a pre-fire rate. In forests that regenerate after fire from
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seedlings, this transition to pre-fire hydrology may take many decades
(Jayasuriya et al., 1993) while forests that re-sprout from existing stems
and root systems may transition through this cycle within a decade
(Nolan et al., 2015). In the latter part of the twentieth century, the
expectation of increased streamflow immediately after fire became an
established tenet of forest hydrology (see for example, Nyman et al.,
2010; Shakesby and Doerr, 2006). However, in recent times, with an
increase in forest fire frequency and severity, some researchers have
observed a decrease in flow after fire. For example, Feikema et al.
(2013) found that changes in streamflow after a fire can be hard to
detect because although the canopy is reduced, the need to replenish a
severe soil moisture deficit can delay the recovery of streamflow. Nolan
et al. (2015) observed a decrease in streamflow during the first four
years after a fire in Australia and attributed this to a period of increase
in catchment water storage. Such reductions in streamflow after fire
have also been observed in Canadian (Owens et al., 2013) and Cali-
fornian forested catchments (Bart and Tague, 2017).

It is noteworthy that unchanged or increased flow immediately after
fire seems to have been observed in re-sprouting forests rather than
those that regenerate from seedlings. In burned catchments the post-fire
flow regime is the result of the combined effects of the recovery of the
sapwood area index of the vegetation, changes in soil conditions caused
by the fire and the capacity of the soil and groundwater to store more
water. In a re-sprouting forest, such as the Hualo (Nothofagus glauca
Phil. (Krasser)) type forest that is common in the area burned in the
northern part of the coastal rage in Chile (Fajardo and Alaback, 2005)
rapid recovery of sapwood area index can result in the recovery of
evapotranspiration to pre-fire values within two to four years (Nolan
et al., 2014; White et al., 2020).

After fire, a reduction (often 50–85%) in the rate of water infiltra-
tion into soil is often observed (Imeson et al., 1992; Moody and Ebel,

2012; Moody and Martin, 2001b). This reduction is mainly attributed to
the formation of hydrophobic layers in the soil (Beatty and Smith, 2013;
Ebel and Moody, 2013; Imeson et al., 1992; Moody and Ebel, 2012;
Moody and Martin, 2001a; Shakesby et al., 1993; Ubeda and Sala,
1996; Varela et al., 2007) and has been observed in Chile (Garcia-
Chevesich et al., 2019). The production of a fire-induced water re-
pellence may combine with the loss of protective vegetative cover to
increase runoff and erosion (Garcia-Chevesich et al., 2019; Ferreira
et al., 2000; Onda et al., 2008; Sheridan et al., 2007). Other mechan-
isms that may reduce infiltration rates include soil sealing (e.g. Larsen
et al., 2009), hyper-dry conditions (Moody and Ebel, 2012), reduction
of preferential flow pathways (e.g. Nyman et al., 2014), and reductions
in soil organic matter that change soil structure (e.g. Moody et al.,
2016).

After a fire, a decrease in infiltration rate can have contrasting ef-
fects on the surface and sub-surface flow conditions. It enhances the
overland flow by increasing the amount of precipitation that is con-
verted to runoff. In doing so, it can lower sub-surface flow by reducing
the amount of precipitation that seeps underground. In a paired-
catchment analysis, Loáciga et al. (2001) observed an increase in the
annual streamflow of up to 20–30% after a wildfire. Mahat et al. (2016)
used a two unburned and two burned catchments to study the impact of
the 2003 Lost Creek wildfire on streamflow in Alberta, Canada. They
observed an increase in the annual streamflow of 20–100% in the first
five years, with peak flows 40–120% greater in the burned catchment.
Some authors (e.g. Lane et al., 2006) observed annual flows that were
higher in the second year post-fire than in the first and that these flows
were higher than expected for a post-fire disturbance in a wet eucalypt
forest in south-eastern Australia.

Prior to the wildfire of 2017 in central Chile, catchment and stand
scale water balance components were being measured in a native forest

Fig. 1. The location of the weir and rain gauge within the catchment, the catchment and the important cities within Chile.
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stand of the Hualo type forest. These measurements continued after the
fire, after a break of several months. The effect of fire on the individual
components of evapotranspiration was reported by White et al. (2020).
In this paper we report the components of the water balance expressed
at the catchment scale which is located in latitude 35.35°S; longitude
72.2°W. These data are used to test the hypothesis that wildfire will
result in increased streamflow, or at least an increase in the proportion
of rain that ends up in the stream, for at least two years after the fire.

2. Materials and methods

2.1. Study site

The study site (in the locality of Quivolgo) is a native forest catch-
ment approximately 20 km north east of the city of Constitución in
Central Chile in the western part of the Maule region, in the coastal
range of south-central Chile (Fig. 1). The catchment (latitude 35.35°S;
longitude 72.2°W) has an area of 33.03 ha, a south easterly aspect, an
average slope of 27.3% and range of elevation between 305 and 526 m
above sea level. The soil is very shallow, varying in depth from 0 cm to
a maximum of 100 cm with a silt, clay, and sand content of 36, 40, and
24%, respectively (Clay Loam soils). It overlies fractured rocks of the
Dollimo Complex of the western coastal range that was described in
detail by Gana and Hervé (1983). The rocks of the region are a mix of
albite schists, greenschist derived from metamorphism of oceanic tho-
leiitic basalts, iron and manganese rich metachaerts, serpentinites with
occasional marble lenses. This shallow soil is mixed with fragments of
the rock and the underlying rock is very broken and includes deep
seams of partially weathered material.

The catchment has a Temperate semi-oceanic climate type, with a
mean annual precipitation of 966 mm, the majority of which falls be-
tween May and September (Bravo-Linares et al., 2018). The maximum
temperature in the warmest month is around 26 °C and the minimum in
the coolest month is 1.3 °C. The seasonal pattern of precipitation and
temperature for this catchment are shown in Fig. 2.

Average annual streamflow flow was 346 mm before the fire, and
the highest yield between 2009 and 2016 was observed in 2014
(458 mm) and the lowest occurred in 2016 (223 mm). Average summer
flow (January-March) was 63.7 mm before the fire. A monthly hydro-
graph pre- and post-fire can be found on Fig. 3.

The catchment is covered by Hualo type native forest and the
dominant species on the ridges and steep slopes is the winter deciduous
Nothofagus glauca. There are also nine evergreen species present in the
overstorey, including Aextoxicon punctatum Ruiz & Pav. (Olivillo),
Persea lingue Nees. (Lingue) and Cryptocaria alba (Mol.) Looser (Peumo)

which are prevalent in the drainage lines in the catchment. The struc-
ture of the forests in this catchment before and after the fires of January
2019 was described in detail by White et al. (2020).

The wildfire in January 2017, was classified as high severity using
the differential Normalized Burn Ratio (dNBR) index before and after
fires (De la Barrera et al., 2018). Prior to the fire the trees in the rid-
getop forests of N. glauca had an average height of 13 m and the average
basal area was 35 m2 ha−1. The evergreen stands were slightly shorter
at 12 m and their basal area was 29 m2 ha−1. In March of 2019, just
over two years after the fires, approximately 80% of the original N.
glauca trees had re-sprouted from within their crowns. The average
basal area of these trees was 14.5 m2 ha−1. None of the other species
had grown new foliage in the crowns, although some individuals of all
the species had re-sprouted at ground level. Two years after the fire,
about 65% of the original stand basal area was supporting some live
foliage either in the crown or at ground level. The leaf area index was
nearly 5 before the fire and had recovered to approximately 3 by the
end of the summer of 2019 (White et al., 2020).

2.2. Catchment scale water balance components

2.2.1. Streamflow
In 2010, a v-notch weir was installed at the outlet of the catchment

and this was instrumented with a pressure transducer flow gauge (OTT,
Kempten, Germany). Depth of the water in the weir was measured at 5-
minute intervals and these data were used to estimate streamflow (Eli,
1986). The stream is perennial. After the fires, there is a gap in the data
between January and February 2017 as it took some time to reinstall
the weir and sensors after the fires. However, all years were complete
from March to November. Changes in hydrologic year flows (March-
November), winter (May-August), and spring (September-November)
were assessed following the 2017 wildfires. In this part of Chile the
lowest flow occurs in March (Ahearn, 2008) and hence data from this
month was chosen to represent ‘low flow’ conditions in these analyses.

2.2.2. Rainfall
Rainfall was measured immediately adjacent to the top of the

catchment using an RG12 tipping bucket gauge (Environdata™,
Queensland, Australia - Fig. 1 for location). The measurements com-
menced in August 2016. For the period between 2010 and August 2016,
daily rainfall was sourced from the nearby meteorological site (Forel
station, Direccion General de Aguas, DGA) which is about 5 km south-
east of the catchment. There was a strong linear relationship (R2 of

Fig. 2. Average monthly precipitation, maximum, minimum and average
temperature between 2010 and 2016, the seven year period that preceded the
fire.

Fig. 3. Quivolgo catchment pre-and post-fire monthly streamflow 2010–2018
(mm).
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0.84) between rain recorded at our gauge and the DGA gauge in Forel.
This was used to fill any gaps in the data. Periods of missing data from
the Forel station prior to August 2016 were filled using data from the
next nearest DGA station at Nirivilo, also using a linear regression.

2.2.3. Plot scale water balance
White et al. (2020) estimated transpiration, interception and soil

evaporation, basal area, sapwood area and leaf area index in plots both
within the experimental catchment used here and in a fragment of
native forest in an adjacent catchment. In this paper, these stand scale
estimates of evapotranspiration and components are assumed to apply
at the catchment scale. These data are therefore used to estimate eva-
potranspiration before and after the fire. The detailed methods are in
White et al. (2020), a brief summary is provided here.

2.2.3.1. Transpiration. Before the fire, transpiration was estimated
from heat pulse sap flow measurements made in three trees in each
of five plots (three of the N. glauca forest, two dominated by evergreen
species, see Fig. 1 and White et al. (2020) for locations of the plots and
the detailed method used). These measurements were used to estimate
stand transpiration as the product of average monthly sap flux density
and sapwood area. Sapwood area was estimated from linear
relationships between sapwood area and basal area that were in turn
estimated by staining increment cores collected before and after the fire
(White et al. 2020).

After the fire, the sap flow measurements were continued from
January 2018 in the same trees and in the same plot near the top of the
catchment. The strong linear relationship between monthly transpira-
tion measured at studied plots and the total solar radiation measured at
Forel (r2 > 0.8), was used to complete a record of monthly tran-
spiration for all plots for the year before the fire. Transpiration was
assumed to be zero for the first seven months after the fire when the leaf
area index was zero. A separate relationship between solar radiation,
based on post-fire measurements, was used to estimate transpiration in
spring and early summer of 2017 (White et al., 2020).

2.2.3.2. Interception. Before the fire, throughfall was measured in the
same plots as transpiration (5 plots). After the fire, throughfall
measurements continued in three of these plots. In each plot,
throughfall was measured using a combination of an RG12 tipping
bucket rain gauge located at the centre of the plot and five Nylex™ 1000
(Nylex Pty Ltd, Australia) plastic storage rain gauges located at the
centre and 5 m from the centre on each of the four cardinal directions.

For periods with missing throughfall records, daily throughfall was
estimated using the linear relationship between daily throughfall for
each plot and rainfall measured outside the catchment. In this way a
continuous record of interception was constructed for the year before
and two years after the fire.

2.2.3.3. Soil and understorey evaporation. Records of total daily solar
radiation were available from the weather station at Forel (see White
et al., 2020). Before the fires, three Apogee SP-212 (Apogee, USA)
pyranometers were installed beneath the canopy in three plots. After
the fires, in January 2018, two sensors were installed in the same plot
where measurements of sapflow were recommenced. These sensors
were about 50 cm above the ground and measured radiation beneath
the canopy. The missing monthly records were filled using the Forel
weather station data. These data were used to estimate soil evaporation
using the method described in (Ren et al., 2019). Briefly, a ‘crop factor’
was calculated that was a function of the soil water content at the start
of the month where the soil was assumed to be 70 cm deep. This crop
factor was multiplied by the equilibrium rate of evaporation estimated
for below the canopy. Evapotranspiration (transpiration plus this soil
evaporation estimate) was then removed from the soil to estimate the
crop factor for the next month. Monthly evapotranspiration was
calculated as the sum of soil evaporation, interception and

transpiration and expressed on a ground area basis (White et al., 2020).

2.2.3.4. Soil water content to 1.2 m. In April and June 2017, several
months after the fire, but before the first major rains of 2017, six Sentek
Drill and Drop™ (Sentek Sensor Technologies, Australia) probes were
installed in two plots. One of these plots was the N. glauca plot where
the sapflow sensors were re-installed in January of 2018. The other plot
was on a steep slope a short distance from the catchment measurement
weir and covered with mostly evergreen species with a few individuals
of N. glauca.

In each plot, three 1.2 m and three 0.6 m probes were installed in
the soil and rock. These tapered probes were installed between four and
five metres from the plot centre. They were spaced evenly in a circle
around this centre. When installed so that the cable end of the probe
was level with the ground, these probes have sensors every 10 cm from
5 cm below ground, thus to 55 cm in the short probes and to 115 cm in
the 1.2 m probes.

A measurement of volumetric water content of the soil (θ) was re-
corded at each depth in each probe every hour. From these data the
average soil water content was calculated for each 10 cm depth interval
centred on the sensor positions (average of six measurements to 60 cm
and three measurements to 120 cm) and these measurements were then
integrated over the depth of the probe to give an estimate of water
storage (in mm) in the top 1.2 m of soil.

The variability of the mix of rocks and soil makes it very difficult to
get good measurements of absolute soil water content with any sensor,
however the sensors reliably indicate changes in soil moisture content,
which is our main concern. The change in storage between measure-
ments was estimated and accumulated over the duration of the ex-
periment to quantify the net change in storage in the soil in the
catchment. The net change in soil water content in the soil profile was
estimated during each year after the fire. This change, the streamflow
and the evapotranspiration were calculated. The residual represents the
amount of water that is unaccounted for in our water balance.

2.2.4. Analysis
2.2.4.1. Catchment scale water balance. Stream flow duration curves
pre- and post-fire were built using the Weibull plotting position
(Makkonen, 2006) to compare the probability of exceedance at the
25th, 50th and 95th percentiles. Baseflow yield was calculated using
the Recursive Digital Filter passed forward, backward, and forward
over the streamflow data and using a filter of 0.925 (Nathan and
McMahon, 1990). Later, baseflow over total streamflow per year and
per pre- and post-fire was calculated. A double mass analysis was used
to compare monthly streamflow before and after the wildfire and the
runoff coefficient (RC, the ratio of stream flow to rainfall) was
calculated for winter (May-August), autumn–winter (April-August)
and for the full year (March-November). Annual peak flow rate (m3

s−1) was determined for each of the seven years of record. These peak
flow rates were compared with the daily rainfall immediately preceding
that peak flow. Days with similar total rainfall were found before and
after the fire in order to detect any change in the magnitude of the peak
flow and the daily water yield from that amount of rainfall.

2.2.4.2. Stand scale. Annual transpiration, interception, soil
evaporation and evapotranspiration were calculated for three plots
for the year before the fire and for the two years after. A simple t-test
was used to test for the significance of differences in the water balance
between years and before and after the fire.

3. Results

3.1. Annual total flow and seasonal flow

Streamflow was analysed for the periods between March and
November, both before and after the wildfire. This period was selected
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because the instruments and the weir were reinstalled after wildfire in
February 2017 and the data record is complete for this period in every
year. Using March-November data, the slope of the relationship be-
tween cumulative streamflow data and cumulative rain was much less
after the fire (Fig. 4a) indicating a reduction in runoff coefficient after
this fire. Additionally, total accumulated flow in 2017 was considerably
lower than previous years despite more than 1464 mm of precipitation;
this was 200 mm more precipitation than in 2014 but total flow was
70% less than that year. Likewise, for years with similar precipitation to
2018 (800–900 mm), total flow was significantly lower than in those
years before the fire (Fig. 4b).

The pre-fire annual water yield ratio (or streamflow per unit pre-
cipitation) was higher than observed after the fire (Fig. 5a). In the seven
years before the fire, the maximum and minimum total flow from
March to November were, respectively, 399 mm yr−1 in 2014 and
164 mm yr−1 in 2016. (Table 1).

March-November flow during 2017, the first year after fire, when
the catchment received the highest annual rainfall since 2009, was 26%
less than the lowest annual flow observed prior to the fire. In 2018,
March-November streamflow was 5% lower than in 2017, and this was
associated with a 41% reduction in precipitation.

Similar patterns were evident in annual (March-November) and
winter (May-August) streamflow and precipitation (Fig. 5b). The max-
imum winter flow in the seven years before the fire was observed in
2014 and the minimum occurred in 2016, which had the driest winter.

In the two years after the fire, winter flows were only 54 mm yr−1 in
2017 and 52 mm yr−1 in 2018. For the seven years before the fire, the
relationship between spring (September-November) streamflow and
rainfall was weaker than that observed during winter or for the full year
but was nonetheless statistically significant. After the fire, the spring
flow was 42 mm yr−1 in 2017 and 37 mm yr−1 in 2018 (Fig. 5c).

3.2. Runoff coefficient (RC)

From 2010 to 2015 the annual runoff coefficient (RC) varied be-
tween 27% and 35% and was 26% in 2016 when the lowest annual
rainfall for the pre-fire period was also observed. After the fire, the
runoff coefficient decreased significantly and was 8.4% in 2017 and
14% in 2018. The temporal pattern of the autumn–winter runoff coef-
ficient (April-August) was similar to that of the annual coefficient
(March-November) although the autumn–winter and winter (May-
August) RC was always less than the total annual RC. The minimum
autumn–winter RC of 7.6% was observed in 2017 while the value was
12.6% in 2018. The minimum value of winter RC was observed after
the fire in 2017 (6.24%) and it increased in 2018 (10.2%) (Fig. 6).

3.3. Peak flows and daily water yield

Peak flow was highly variable but, interestingly, it was lower after
the fire than before, despite the much higher daily precipitation
(Table 2 and Fig. 7a). The highest peak flow of 0.045 m3 s−1 and daily
water yield of 12.3 mm were both observed in 2014, and these peak
values were associated with a daily rainfall of 48.7 mm. However, there
was no relationship between daily rainfall and daily streamflow yield.
For instance, a rainfall of 40.4 mm d–1 yielded a peak flow of 0.01 m3

s−1 and daily water yield of 2.77 mm in 2016. In 2013, on the other
hand, a rainfall of 105 mm d-1 yielded just 0.02 m3 s−1 of peak flow and
5.56 mm of daily flow.

Additionally, the response of the catchment to the same rainfall
intensity (30 min) was evaluated before and after the fire when pos-
sible, that is between August, when the rain gauge was installed, and
December 2016. In 2016, a maximum rate of 5.6 mm h−1 of rainfall
was measured; in this period the flow increased from 0.0026 m3 s−1 to
0.0029 m3 s- 1 in the next half hour, reaching its maximum value after
2 h. In 2017, the same intensity (5.6 mm h−1) was found, but the flow
rose only from 0.00221 m3 s−1 to 0.00224 m3 s−1, reaching its max-
imum value 2 h later. Even though baseflow in 2017 was 80% of that in
2016, 2017 peak flow was just 54% of that in 2016. In 2018, on the
other hand, a 5.8 mm h−1 was found, but increase in flow was detected
with the storm period. Conversely, a delay of almost 10 h between the
rainfall and the peak flow in 2018 has been identified, despite having a
similar 2017 base flow. The 2018 peak flow reached only 70% of the
peak identified in 2017 (Fig. 7b).

3.4. Low flows

There was a positive relationship between March flow and annual
rainfall in the previous year both before and after fire. Furthermore,
there was more flow in March before the fire than post-fire, with
highest March flow of 34.5 mm in 2010 (following rainfall of 910 mm)
and a minimum of 9.6 mm in 2014 (rainfall of 787 mm). Summer flow
also declined further after the fire and was 12.4 mm in 2017 and
6.43 mm in 2019. Although summer flow was 13.1 mm in 2018,
summer flows after the fire were all lower for a given rainfall than
before the fire (Fig. 8).

There was a negative correlation between winter low flows and
autumn–winter rainfall (coefficient of correlation −0.69) before the
fire. However, after the fire this relationship was less clear. The 865 mm
of rain in 2017 yielded a minimum streamflow of 0.0014 m3 s−1 but
when the precipitation decreased to 507 mm in 2018, the minimum
streamflow only decreased a small amount to 0.0013 m3 s−1 (Fig. 9).

a)

b)

Fig. 4. March-November accumulated streamflow in Q2. a) Double mass curve
of cumulative annual streamflow against cumulative annual rainfall. b) March-
November cumulative streamflow against cumulative rainfall.
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3.5. Baseflow index (BFI)

There are similar proportions of baseflow over total flow in some
years before and after fires (Table 3) such as 2013/2016 and 2017.
Therefore, there exist similar proportion of baseflow before and after
fires, but baseflow can be 2 times greater pre-fire. In general, pre-fire
BFI was between 0.69 and 0.88 whereas post-fire was 0.93 and 0.94.

3.6. Flow duration curves

The flow duration curves confirmed that the flow decreased after
the fire and that decreases were evident in low and high flow. After the
fire the flow associated with a 1% probability of exceedance was 7% of
that observed in the years before the fire. Similar proportional

a) b) 

c)

Fig. 5. Streamflow (mm) and rainfall (mm) in each year before and after the fire. Panel (a) shows the values for March-November, panel (b) shows winter rainfall and
streamflow and panel (c) shows the spring values.

Table 1
Annual rainfall, annual streamflow, hydrologic year (March to November),
peak flows and daily water yield before and after the fire associated with similar
daily rainfall.

Year Annual Rainfall
(mm)

Total Stream flow
(mm)

March to November flow
(mm)

2010 860 353 263
2011 887 377 310
2012 932 331 267
2013 788 269 216
2014 1254 459 399
2015 1128 416 336
2016 686 223 164
12017 1464 136 120
2018 864 148 114

1 Instruments reinstated in February following fires in 2017.

Fig. 6. The runoff coefficient (ratio of runoff to rainfall, %) before and after the
fire.
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reductions were observed after the fire in the flows with a 25%, 50%,
95% are 38%, 54%, 40% probability of exceedance (Fig. 10).

3.7. Annual forest water balance

Annual evapotranspiration was 526 mm in the year before the fire
(2016) and 323 and 355 mm in the first and second years after the
(2017 and 2018, Fig. 11).

The composition of evapotranspiration also changed after the fire.
In the year before the fire, transpiration (222 mm) was 32% of eva-
potranspiration while interception (258 mm) and soil evaporation

(46 mm) contributed 49% and 9% of evapotranspiration, respectively.
In the first year after the fire, transpiration (50 mm) was only 15% of
evapotranspiration while the contribution of interception (145 mm)
was similar at 45% and that of soil evaporation (128 mm) increased to
40%. In 2018, the second year after the fire, soil evaporation (143 mm)
was still 40% of evapotranspiration, interception (85 mm) was 25% of
evapotranspiration and the contribution of transpiration (127 mm) had
increased to 36% (Fig. 12).

The year before the fire was drier than average (annual rainfall
686 mm), the first year after the fire was much wetter than average
(1464 mm) while the annual rainfall in the second year after the fire
was close to the long-term average (864 mm). In these three years, the

Table 2
Peak flows and daily water yield before and after the fire associated with si-
milar daily rainfall.

Date Peak flow (m3

s−1)
*Daily water yield
(mm)

**Daily precipitation (mm d-
1)

28-Aug 0.023 6.33 54.16
14-Jul 0.033 9.07 74.84
18-Jun 0.016 4.4 38.31
28-Jun 0.02 5.56 104.97
8-Jun 0.045 12.33 43.04
6-Aug 0.043 11.93 24.46
25-Jul 0.01 2.77 40.41
25-Jun 0.0022 0.61 75.4
19-Sep 0.0041 1.29 18.37

* Total daily streamflow for that day.
** Total daily rainfall for that day.

a)

b)

Fig. 7. Peak flows and precipitation intensity before and after fire. a) The
maximum streamflow (m3 s−1) and the rainfall event that yielded that flow per
day. b) Hour streamflow associated 5 mm/h intensity before (2016) and after
fire (2017–2018).

Fig. 8. March streamflow (mm) and previous year precipitation (mm) pre- and
post-fire.

Fig. 9. Daily low flow (m3 s−1) and autumn–winter rainfall (mm), pre- and
post-fire.

Table 3
Baseflow Index and baseflow yield (mm) by year before and after fires in the
study site.

Year BFI Baseflow (mm)

2010 0.88 269.6
2011 0.77 277.4
2012 0.81 251.7
2013 0.83 202.9
2014 0.69 305.6
2015 0.83 321.7
2016 0.85 190.8
2017 0.93 127.5
2018 0.94 136.6
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difference between rainfall and evapotranspiration was 160 mm (2016,
before the fire), 1141 mm (2017) and 509 mm (2018). In the two years
after the fire the net change in soil water content was 90 mm in the first
year and −60 mm in the second year (Fig. 13). The total net change
was therefore about 30 mm.

After subtracting streamflow and evapotranspiration from rainfall
and adding the change in storage, the net water balance in the year
before the fire was −63 mm indicating a period of soil drying. In the

first two years after the fire the net water balance was respectively,
915 mm and 421 mm. This means that after the fire a large amount of
rainfall was not accounted for by measurements of streamflow, eva-
potranspiration or the change in soil water content in the top 1.2 m.
(Table 4). The possible fates of this water will be considered in the
discussion.

4. Discussion

This paper describes the total water balance of a small catchment
covered with a Hualo (N. glauca) native forest. Perhaps the most
striking finding of this paper is that, while it was possible to account for
all the rainfall in the catchment before the fire, this was not possible
after the fire. In the first year after the fire, evapotranspiration and
streamflow both decreased, and this was associated with a doubling of
rainfall relative to the year before the fire. The second year after the fire
was a more ‘normal’ rainfall year but the sum of streamflow and eva-
potranspiration was still much less than rainfall. The components of this
water balance are now considered in turn in the context of the inter-
national literature. The possible fates of the unexplained components of
the water balance are also discussed.

The total of evapotranspiration was much less in the years after the
fire than was observed in the year that preceded the fire. Interception
and transpiration decreased dramatically after the fire while soil eva-
potranspiration increased. All these changes are, of course, entirely
consistent with the loss of canopy that occurred during the fire (White
et al., 2020). Nearly all the canopy was killed and removed by the fire
although some dead canopy remained in the riparian zones. No living
foliage remained to transpire or to intercept rainfall for up to six
months after the fire. Only burned stems and branches remained. At the
same time, more radiation was reaching the forest floor than before the
fire and this drove an increase in soil evaporation. The reduction in
evapotranspiration is as would be expected following the fire. From
observations of the canopy during the third year, 2019, it would be
expected that evapotranspiration will increase significantly in coming
years. This will drive the recovery of the water balance in these
catchments.

By the second year after the fire, transpiration had increased from

Fig. 10. Pre- and post-fire flow duration curves.
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in the catchment, a ridgetop location and a site on a steep slope near the weir.
Data are plotted for two years after the fire.

Table 4
The water balance of this native forest catchment in the year before and the two
years after the fire.

Flux (mm) 2016, Last year
before fire

2017, First year
after Fire

2018, Second year
after fire

Rainfall 686 1464 864
Evapotranspiration 526 323 355
Change in storage Unknown 90 −60
Streamflow 223 136 148
Net (unexplained) −63 915 421
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0 mm per month immediately after the fire to nearly 45 mm per month
in Autumn and Spring. This was driven by rapid recovery of the crowns
of the N. glauca and the re-sprouting from the ground level of all the
other species. After fire, this forest regenerates by re-sprouting from
within the crowns of the dominant N. glauca and from ground level in
all species. It has this in common with sclerophyllous forests from
Mediterranean and temperate climate zones around the world. The dry
zone oak forests of Mediterranean Europe (Timbal et al., 1996) and the
dry sclerophyllous eucalyptus forests (Nolan et al., 2015) on the inland
slopes of the Great Dividing Range in Australia are other examples.
Nolan et al. (2015) measured streamflow before and after a fire in a
resprouting Eucalyptus forest and found that the water balance re-
covered to a pre-fire condition in 10–12 years after a fire. Changes in
transpiration were not measured but must have occurred almost im-
mediately as these forests, like the N. glauca of Chile, are known to re-
sprout within months even after very intense wildfires (Litton and
Santelices, 2002).

For the catchment water balance the reduction of evapotranspira-
tion after the fire means that more water is potentially available to
reach the streams. This did not occur. One potential fate of this water is
increased water storage in the soil and in the groundwater. No mea-
surements of groundwater depth were made in this study, but the
Baseflow Index was observed to increase, indicating increased
groundwater discharge as proportion of flow, even though total flow
was substantially reduced. Also, some measurements of water content
were made in the first 1.2 m of soil and rock. This is considered locally
to be the biologically active depth of soil in these metamorphic systems.
While tree roots penetrate deeper, most nutrients and water used by the
trees come from this top layer. The soil was very dry at the start of the
study and a cycle of wetting and drying was evident. This cycle in-
creased in amplitude as rates of transpiration increased during the
study. Two year after the fire, the trees were drying this layer almost
completely each year. If the extra water is being stored in the regolith, it
is in deeper layers below the active root zone. This can only have oc-
curred if infiltration rates are high after the fire and if there is some-
where for the water to be stored.

The main tree species in the study site, Nothofagus glauca (Phil.)
Krasser, is a deciduous species. This, coupled with a Mediterranean
climate with winter dominant rainfall, means that before the fire 65%
of the rain reached the forest floor and after the fire this was approxi-
mately 73% (White et al., 2020). Nevertheless, a rainfall threshold for
streamflow could not be found. Peak flows and daily water yield did not
show any sign of increased response to rainfall. In fact, at this stage of
the catchment recovery, similar rainfall amounts are not producing
peak flows as large as those observed before the fire. Given the annual
rainfall in the first year after the fire (2017), this must be associated
with increased infiltration and storage after the fire.

Infiltration was not measured in the catchments but after the fires
there were several large rainfall events that were not associated with
large surges in streamflow. It can be inferred from this that infiltration
increased after the fires. This is largely at odds with previous studies of
post-fire water balance where infiltration is most often reduced after
fire (e.g. Ferreira et al., 2005; Moody and Martin, 2001a; Shakesby and
Doerr, 2006), sometimes to as low as a half or one seventh of pre-fire
levels. In a study about 15 km from this site, Garcia-Chevesich et al.
(2019) found a hydrophobic layer in the topsoil of a burned N. glauca
stand. As noted above, the WDPT (hydrophobicity, infiltration) test
(DeBano, 1969, 1981) was not conducted in the Quivolgo catchment.
However, the low streamflow and high baseflow index in the first year
of the fire, suggests very high infiltration rates and leads to the con-
clusion that soils on this site did not develop an impervious layer. The
fires in the region of our site were particularly severe (Forestry Gov-
ernmental Institution, CONAF, 2017; De la Barrera et al., 2018). Fires of
this high severity may not form hydrophobic layers. For instance, it has
been found that wildfire temperatures of 270–300 °C prevent the for-
mation of a hydrophobic layer (DeBano et al., 1976), although Ferreira

et al. (2005) found that the hotter the fire the more severe the hydro-
phobicity.

García-Comendador et al. (2017) also found a reduction in flow
delivered to a stream following fire in a terraced catchment in Mallorca,
Spain. In this case, the movement of sediment in tributaries upslope
resulted in water capture and increased infiltration thus reducing the
water reaching the measurement station further downstream. This
process may have occurred in Quivolgo but there was no terracing, and
apart from observations of erosion and sediment movement occurring
during storms after the fires, there was no direct evidence for this
mechanism to have been active in this case.

After a fire, a number of changed soil conditions can also occur.
Some, such as increased hydrophobicity, might decrease infiltration
and increase flow while others including the opening of root channels
might increase infiltration. The years that preceded the fires of January
2017 were unusually dry and are often referred to as the Chilean mega
drought (Boisier et al., 2016), and hence the soils and catchments in the
region were very dry when the fires occurred. Thus, after the fires in
central Chile the low level of stored water and a rapid recovery of
sapwood area would mitigate against increases in streamflow after fire.

There are several pieces of evidence in this study that point, albeit
indirectly, to increased infiltration and storage in the groundwater after
fire. Reduced evapotranspiration and a reduction in annual streamflow
were associated with an increase in rainfall after the fire. Also, the dry
season flow in the catchment was correlated with the rainfall in the
previous year both before and after the fire. These results again contrast
with previous studies in comparable ecosystems. Nolan et al. (2015)
observed a reduction in streamflow for four years following wildfires in
a re-sprouting native Eucalyptus forest in Australia. They suggest this is
due to a rapid increase in evapotranspiration of the vegetation at least
partly due the moderate intensity of the fire. At this study site, eva-
potranspiration was still less than the rate before the fire at least two
years after the fire. Therefore, the main results suggest that the ten-
dency of the catchment was to increase storage in the first two year
after wildfire.

There are three key factors that support a hypothesis of large in-
creases in storage as the cause of reductions in flow after the fire.

Firstly, the years preceding the fire were a series of years with lower
than average rainfall. Streamflow declined steadily between 2010 and
2018 despite variation in rainfall. The cumulative rainfall in the seven
years that preceded the fire was the lowest on record (Bozkurt et al.,
2017). This Chilean drought would almost certainly have led to a re-
duction in storage in the years leading up to the fire.

Secondly, if all the water that remains unaccounted for is in storage,
then the rates of infiltration in the year after the fire must have been
very high. This may have been due to a combination of soil cracking
during the drought and to the rapid development of burned out root
channels as preferred infiltration pathways after the fire, many of which
were observed in the catchment after the fires. For instance, increasing
infiltration rates in burnt sites were found by Cardenas and Kanarek
(2014) within a loblolly pine catchment which they related to macro-
pore effects by burned roots. Giambastiani et al. (2018) reported this
phenomenon within a coastal aquifer in Italy, and Wieting et al. (2017)
did the same in Colorado, USA.

Thirdly, the metamorphic rocks of this part of the coastal range are
very unusual. While the trees are only active in the top two or three
metres of the soil / rock mix, the rock below the soils is not a true
competent bedrock. It is made up of very fractured metamorphic rocks
and the fissures in the rock contain partly weathered material. These
form pathways for very deep infiltration which may have two effects.
Firstly, it means that there is the potential for very large storage.
Secondly, the deep recharge may have resulted in flow after the fire that
bypassed the gauging station. This could only have occurred in in-
filtration through the surface layers increased after the fires. This is not
the first paper to advance a hypothesis of increased infiltration and
storage after a fire. Bart (2014) and Ruud (2019) both observed
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increased storage after a wildfire, either in the soil or the groundwater.
Moreover, these results are consistent with those of Owens et al. (2013)
in Canada who found that after a wildfire in 2004, annual flow de-
creased even with the increasing rainfall during that year, as did the
García-Comendador et al. (2017) study.

Whatever the mechanism, the water balance in the catchment is
clear. Prior to the fire, rainfall was balanced by streamflow and eva-
potranspiration. After the fire this was not the case and the amounts of
‘surplus’ water are too large to be due to normal errors associated with
measurements. While some of this water would be taken up by the soil
moisture deficit that had developed through the dry previous years
(Feikema et al., 2013), the hypothesis here is that before the fire in-
filtration was blocked by a combination of filled root channels and very
dry soil with high soil strength, or even an history of past fires within
the zone could have built up a “natural” water repellency (Doerr et al.,
2009; Rodríguez-Alleres et al., 2012). After the fire, these potential
preferred pathways opened up and provided the possibility for in-
filtration to penetrate to the very deep fractured rock system. Under
these conditions, water is able to flow to very deep layers and either be
stored there or to bypass our weir. Further monitoring of the catchment,
and possible installation of piezometers and deeper soil moisture sen-
sors may help to clarify the situation.

5. Conclusions

The extensive and intense wildfires of January 2017 in Central Chile
burnt more than 500,000 ha and appear to have profoundly affected the
hydrologic response of this study site. The water balance measured here
that is summarised in Table 4 and the analysis of annual and sub-annual
streamflow characteristics before and after the fire suggest that the
system has changed from a relatively simple and balanced hydrology to
one in which flow has decreased in spite of an increase in rainfall and a
decrease in evapotranspiration. This is unusual but is not without
precedent.

This change in hydrologic response is most likely due to a change in
infiltration that is associated with the removal of vegetation and
opening of root channels. The unusual geology means that the rocks
beneath the soil do not act as an impervious layer. Results reported here
are related to soil condition and vegetation cover. In this situation, it is
possible that increased infiltration after the fire has resulted in pene-
tration of water to very deep in the system where it has either been
stored or has bypassed our weirs. This requires further investigation but
regardless of the explanation the hydrology of this system has changed
substantially from before the recent wildfires. Continued monitoring
will show whether this is a long-term or transient modification.
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