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Abstract: Wildfires are an important disturbance affecting catchments’ soil and hydrological processes
within. Wildfires are predicted to increase in both frequency and severity under climate change. Here,
we present measurements of tritium (®H) in surface water of three streams before and after the ‘las
Maquinas’ megafire of January 2017 in central Chile and streamflow metrics. Mean transit times
(MTTs) of water were calculated in three coastal catchments with the Mediterranean climate type,
covered by native forest, a mixture of native forest and Pinus radiata D. Don, and P. radiata. Lumped
parameter models (LPMs) were used to obtain MTTs. Tritium activities from 2012 to 2018 ranged
from 0.597 to 0.927 Tritium Units (TU), with the lowest TU activity in 2018. These 3H concentrations
indicated water ages from 5 to 30 years. Following the fire, peak flows and baseflow have increased
in two catchments but decreased in the third. Even though we have seen changes in the hydrological
responses within the three catchments, pre- and post-fire MTT values were not significantly different.
Therefore, there is no conclusive evidence of hydrological changes at the groundwater level due to
wildfire at this early stage. However, since the MTT ranges from 5 to 30 years, it is likely that more
time is required for the changes in the hydrograph to be clearly reflected in the tritium signal even
though there are noticeable changes in streamflow metrics such as runoff and baseflow. Within the
following years from this study, a sampling schedule to continue to investigate both the long-term
drought and the effect of wildfire on these catchments will be maintained.

Keywords: tritium; land cover; native forest; monterey pine; wildfires; Nothofagus glauca

1. Introduction

Management of the effect of fires on the supply of water to regional communities
requires knowledge of their effect on forest structure, soils, and hydrogeology and on
the local and regional water balance. In January of 2017, wildfires burned a few more
than 550,000 hectares of mostly forested land in Central Chile [1]. The most intense and
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damaging fires occurred in the Maule Valley, east of the coastal city of Constitucién, and
have become known as the Las Maquinas fires. While they were historically severe, it is
expected that climate change will further increase the frequency and intensity of wildfires
in Central Chile [2,3]. These fires occurred principally in the coastal range of Central Chile.
The Coastal mountains, while not particularly high, are a steep and rugged landscape
that is forested and dotted with small, rural communities. The forests are a combination
of commercial plantations of Pinus radiata and Eucalyptus spp. and the fragmented and
vulnerable Roble-Hualo native forest which is named after the deciduous Nothofagus species
that dominate the overstorey. The plantations provide employment for rural Chileans while
the native forest has high conservation value. The water that flows to the Maule River is a
regionally important supply of drinking water and irrigation and is important to the many
rural communities in the ranges.

The effect of fire on water balance depends upon the combination of many factors,
including the rainfall regime before and after the fire and the effects of the fire on vegetation
and the soil micro- and macro-structure. Central Chile, where the fires occurred, has a
Mediterranean climate with an annual dry season extending from November to March or
April. The 8 months that preceded the fires were unusually dry, in particular between July
and October. The lack of the winter rains and a very hot start in January created the risk of
severe fire conditions [4]. The climatic conditions that increased the fire risk also created
a dry catchment with historically low moisture storage [5]. The fires further changed the
local controls on the water balance by causing a rapid change in leaf area and, therefore,
transpiration and interception [6-8]. The combined effect of this period of drying, followed
by a rapid reduction of cover may have caused complex and hard to predict changes in
catchment storage and hydrology. Therefore, understanding these hydrological changes
after fires is a key factor in water resources management [9].

One measure of the hydrological behavior within a catchment is the Mean Transit Time
(MTT) of water. MTT is the average time of a water molecule traveling through a catchment,
from when it enters the system to when it exits at any point in the stream as discharge [10].
Therefore, MTT integrates all the hydrologic processes in a single measure of catchment
behavior. Tritium activity (TU, where 1 TU represents a >H/'H ratio of 10~'8) in water has
been used to estimate the MTT of water in forested catchments worldwide (e.g., [11,12]).
This has improved the understanding of how, and from which sources, the hydrological
system is recharged (e.g., [13]). To date, tritium has not been used to investigate changes
in MTT after a wildfire or in forested catchments in Mediterranean climate areas, such as
drought-prone Central Chile. As noted above, fire destroys or damages the canopy, can
change soil water repellency, and can open or close soil macropores. Combined, these
changes may result in profound hydrologic change and affect the rate of groundwater
recharge, streamflow, baseflow, and soil moisture storage [14]. Moreover, extremely dry
conditions lead to decreasing stored groundwater and soil water [5] and interact with the
fire in the affected catchment. How these hydrological processes interact to reach a new
state depends on each catchment, but site monitoring, water age estimation, residence time,
and hydrological models are all helpful to support observations and planning.

As well as affecting the vegetation, and therefore transpiration and throughfall, wild-
fire can also alter important soil properties that can have implications for the water cycle [15].
Commonly reported changes after a fire include an increase in peak flows and storm flows
and a severe reduction in baseflow, baseflow recession, and low flow [16,17]. These changes
in streamflow generation processes have been attributed to the formation of a hydrophobic
layer [18] or soil sealing [19]. There have been a large number of investigations of the
effect of fire on streamflow dynamics (e.g., [20,21]) that have applied a range of methods
including cluster and regression analysis [22], runoff generation at hillslope scale [23],
chemical analysis for groundwater interaction [24], geochemical and end-member mixing
analysis [25], isotope mass balance methods [26], catchment runoff modelling (e.g., [27]),
and paired catchment experiments [28,29].
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While there have been many studies of the effects of fire on forest hydrology, to date,
none of these have related the concentration of tritium to pre- and post-fire streamflow.
McDonnell et al. [30] discussed the limitations of standard hydrography and hydrometric
for understanding sub-soil hydrological processes. McDonnell and Beven [31] argued for
the use of tracers in hydrology to complement hydrometrics and allow the more complete
investigation of changes to hydrological processes caused by disturbances such as wildfire.
Thus, this paper aims to (i) determine if we can detect changes of catchment groundwater
water transit that may be ascribed to the impact of the fires, and (ii) unveil changes in
hydrologic variables (i.e., runoff and baseflow). Within the area that was burnt in January
2017 in Central Chile [1], there are three experimental catchments where high and low
baseflow tritium concentration of stream water has been monitored since 2009. All three
catchments were completely burned by this high severity fire. This study reports tritium
isotopic composition of water in the stream (high and low baseflow) and rain in these burnt
catchments before and two years after the fire and uses these data to test the hypothesis
that the MTT of water in these catchments is not affected by wildfire.

2. Materials and Methods
2.1. Study Sites Characteristics

The study site is in the locality of Quivolgo near the city of Constitucion, in the Maule
Region. All measurements were made in three small catchments located around 35°23' S,
72°13' W that flow to the Maule River (Figure 1). All catchments have similar geology and
aspects so the main difference amongst them is their vegetation cover, size, and slopes.
Catchment 1 (Q1) is covered by a Pinus radiata D. Don plantation that was established in
2003 and has an area of 0.1895 km? and a mean slope of 22%. Catchment 2 (Q2) is covered
by native forest with an overstorey of Nothogafus glauca (Phil.) Krasser and has an area of
0.3302 km? with a mean slope of 51%. A complete description of the forest structure in
Q2 can be found in [8]. Catchment 3 (Q3) is a mixed catchment covered by Pinus radiata
(62%), planted in 2001, and native forest (34%) with N. glauca as the main species, and has
an area of 0.4014 km? and a mean slope of 44%. The P. radiata plantations on Q1 and Q3
were established at 700 trees ha~! and were thinned at age six (2007 in Q1 and 2009 in
Q3) to 450 trees ha—! [32]. At the same time, the retained trees were pruned to a height of
2.1 m. The size, slope, channel length, and other characteristics of the three catchments are
summarized in Table 1.

The geology of the catchments is mainly metamorphic bedrock [33], described as
“Dollimo Complex” [34]. Soil texture, bulk density, and organic matter have been estimated
from samples taken in ten soil pits dug in and around the catchments, with estimated
average bulk density and organic matter presented in Table 1.

The climate of this part of Central Chile is Mediterranean-type characterized by a
pronounced summer dry season and strongly winter-dominant rainfall [35]. The average
annual rainfall from 2009 to the present was 951 mm. Rainfall in the year before the fire
was the lowest recorded since 2009 (697 mm) and the year after the fire was the wettest
since 2009 (1460 mm) [20]. The average maximum temperature in the hottest month was
around 26 °C (January), the average minimum in the coldest month was 1.3 °C (July) and
the average temperature was 12 °C [20].

The Las Maquinas fire in January 2017 burned all the forest cover in Q1, Q2, and Q3.
All the pine trees in Q1 and Q3 were killed by the fire and were replaced by a carpet of
seedlings before the end of 2017. The native forest in Q2 regenerated rapidly. All the native
forest species have resprouted from the base and the N. glauca also regenerated from the
crown [8]. Resprouts were evident less than two months after the fire.

2.2. Streamflow and Rainfall

Streamflow has been measured since 2009 in Q1 and Q2, and from May 2013 in Q3. A
90° v-notch weir was built in each of the catchment outlets. Water depth in the weir was
measured every 5 min using a pressure transducer and streamflow was calculated using a
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rating curve calibrated for each weir. This calibration was checked using monthly manual
flow and depth measurements. Due to weir and sensor damage caused by the wildfires,
no flow data was recorded between January 2017 and February 2017. There are some flow
gaps within the Q3 dataset due to weir repairs from May 2018 to July 2018, and a small gap
in August 2017.
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Figure 1. Catchment location and sampling points within the study site. RG: rain gauge.

Rainfall was recorded using a rain gauge at the top of Q2, and a second gauge at the
site of Forel, around 4 km southeast of the catchments (Figure 1). The gauge at the top of Q2
was used as the primary source. The relationship between the gauge at Q2 and the weather
station at Forel was used to estimate rainfall at the catchments if data from either location
was available. For the periods where neither the gauge at Q2 nor at Forel were operating,
data obtained from nearby stations maintained by the General Directorate of Water (DGA)
at Nirivilo was used to estimate rainfall at the catchments, using linear regression as in [20].
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Table 1. Characteristics of three investigated catchments in Quivolgo, Constitucion, Chile.
Q1 Q2 Q3
Land cover P. radiata Native forest P. radiata /Native forest
Annual precipitation (mm) * 966
Period of max rainfall * May-September
Maximum monthly rainfall (mm month™1) * 283
Surface (km?) 0.1895 0.3302 0.4014
Mean Altitude (m a.s.l) 422 395 442
Mean slope (%) 221 51.6 44.8
Catchment perimeter (km) 2.50 2.54 3.10
Outlet altitude (m a.s.1.) 305 265 306
Mean slope of stream (%) 28.6 351 34.7
Length of main stream (km) 1.11 1.10 1.33
Time of concentration (hrs.) ** 0.13 0.12 0.15
Type of climate * Temperate semi-oceanic
Clay content (%) *** 39 40 39
Silt content (%) *** 36 36 36
Sand content (%) *** 25 24 25
Organic matter (g g_l) *HE 1.265 1.135 1.265
Bulk density *** (g cm ) 1.375 1.365 1.375
Main textural class (USDA) Clay Loam Clay Clay Loam

* [36]. ** California Culvert Practice [37]. *** estimated from nearby soil pits as the average value.

2.3. Tritium Sampling

Samples of water were collected from the streams in Q1, Q2, and Q3 on eight occasions
between 2012 and 2018. After 2014, each stream was sampled, as proposed by [38], at a time
of low baseflow (end of summer) and at a time of high baseflow (end of spring). Originally,
the objective was to sample tritium concentration in baseflow at different land uses and
follow up the MTT in small catchments. Therefore, prior to 2018, all samples were collected
from the weir at the catchment outlet. This approach and subsequent data analysis assumed
that streamflow originated from a single source [39]. In 2018, samples were also collected
from the point where the streamflow started in the catchment headwaters (sampling points
in Figure 1). This additional sample was taken with the aim of estimating the age of
water sources along the stream. Sampling followed the Geological and Nuclear Sciences
(GNS) procedure and used a Nalgene Narrow-Mouth Square HDPE 1L bottle. Tritium (*H)
concentration of the samples was measured at the tritium and Water Dating Laboratory,
Geological and Nuclear Sciences, New Zealand, according to [40].

2.4. Lumped Parameter Models for Estimating the Mean Transit Time (MTT) of Water

Several methodologies have been proposed to calculate the mean transit time (MTT)
of water in catchments. Those that apply mixing and decay methods (e.g., [41]), such
as lumped parameter models (LPMs) [42—44] have been widely used in hydrology stud-
ies [45,46]. Jurgens et al. [47] introduced some improvements to one of these LPMs (TRAC-
ERMODEL [48]) and created the TracerLPM Excel workbook. This has been used exten-
sively [49-51] and was applied in this study. As there is no information regarding aquifer
characteristics within the site, the exponential flow model (or exponential mixing model,
EMM), the exponential-piston flow model (EPM), and the dispersion model (DM) were all
used in order to compare MTTs obtained with different models [38]. These three models
are the LPMs that are mostly applied to estimate mean transit times (e.g., [52]). A detailed
explanation of each model can be found in [47]. As the EPM describes a mixture of expo-
nential and piston flow portions within an aquifer, the TracerLMP software can define the
proportion or contribution of the piston and exponential flow [47]. The EPM ratio is 1/f
— 1, where f is the proportion of aquifer volume exhibiting exponential flow [53]. As the
aquifer configuration is unknown, we performed the EPM modelling using f values of 0.7
and 0.8, which give EPM ratios of 0.43 and 0.25, respectively, following the work in [54].
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Estimation of MTTs via LPMs requires the comparison of the tritium concentration in
the stream (output) to rainfall (input). No continuous tritium rain record is available for
Chile. However, tritium samples have been collected from Chilean rain stations sporadically
and measured by the IAEA (IAEA and WMO, 2020). Chile and New Zealand receive rain
from a similar Southern Ocean maritime climate. The tritium concentrations of Chilean
and New Zealand rain are therefore expected to be similar. This is confirmed by the nearly
identical records between Puerto Montt and Kaitoke, which both lie near the west coasts
at similar latitudes. Figure 2 shows tritium concentrations in rain from the IAEA station
Puerto Montt, Chile, in comparison to those from Kaitoke, New Zealand [40]. Moreover,
results of rain samples collected between 2012 and 2014 near Constitucion and Valdivia to
refine the tritium input for local catchment studies are shown. The tritium concentrations
between 1965 and 1975 at Puerto Montt and Kaitoke sites, during the period following the
atmospheric nuclear weapons tests, match very well (R? 0.83). The records also match well
in the later period, between 2003 and 2009, however with a slight bias due to natural effects
such as solar activity (neutron flux), formation of clouds, and the evaporation contribution
to precipitation (more details in [55]), clearly indicated by a few higher concentration
data, but still with a good agreement (R? 0.77). Moreover, tritium concentrations of two
rain samples collected in 2014 at Valdivia, at a similar latitude, match those of Kaitoke
(insert Figure 2).
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Figure 2. Tritium concentration of Chilean rain compared to rain from Kaitoke, New Zealand. Insert
shows data with higher resolution for the last 20 years up to ~ 6 TU. Also listed in the legend are the
altitudes of the rain collection stations.

Due to their lower latitude, tritium concentrations of rain in catchments near Consti-
tucion are expected to be lower than at Kaitoke because tritium-rich atmospheric moisture
originating from higher latitudes becomes increasingly diluted by low-tritium oceanic
moisture on its way to lower latitudes. To determine a baseline tritium level in rain at
Constitucion, a scaling factor was determined for tritium levels between Constitucion and
Kaitoke. Four rain samples were collected at the study site (1.091 & 0.028 TU in Septem-
ber 2012, 0.991 £ 0.027 in January 2013, 1.058 £ 0.028 in May 2014, and 1.124 £ 0.028 in
June 2014), leading to a scaling factor of 0.62 following standard correlation procedures
(e.g., [56]). The scaling factor, after applying to the Kaitoke rain TU activities, results in an
estimate of the theoretical TU in the rain at the study site.
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2.5. Data Analysis

The annual streamflow in the three catchments was determined for a period before and
a period after the fires of January 2017. These intervals were 2010-2013 and 2017-2018 for
Q1, 2010-2015 and 2017-2018 for Q2, and 2014-2016 and 2017 for Q3. For each catchment,
annual runoff coefficients (RC, the ratio of streamflow to rainfall) and summer flows
(between January and March) were calculated (e.g., [22]). We also estimated the annual
average flow (mm, average from 2010 to 2016), the highest annual flow (mm), the lowest
annual flow (mm), and the highest and lowest summer flow for each catchment.

The baseflow yield was calculated using the Recursive Digital Filter [57] passing
forward, backward, and forward over the data with a filter of 0.925 for each full year of
data. The results of each LPM were then compared with the hydrometrics results and
rainfall intensity in 1 h versus instantaneous flow was also analyzed. Baseflow, Baseflow
Index (BFI), and RC along with TU and MTTs were quantified and analyzed.

In order to compare water ages on each catchment and check if they have significant
differences before and after a fire, the Scott and Knott hierarchical cluster analysis [58] was
performed (p-value < 0.05) (hereafter referred to as SK test), using the ScottKnott R package.

3. Results
3.1. Rainfall and Streamflow

Average rainfall during the winter (June to August) for the 2010-2018 period was
579 mm and the driest winter was in 2016 (250 mm) while the wettest was in 2017 (832 mm).
The average summer (Jan-Feb-Mar) rainfall was 25 mm, with the driest summer in 2017
and 2018 (5 and 4.8 mm, respectively) and the wettest in 2011 (53 mm). The six-month
period immediately before the fire was unusually dry while the winter after the fire was
much wetter than average (Figure 3).
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Figure 3. A time course of monthly streamflow (in mm) for the three study catchments between
2010 and 2018. The dates of water sampling for tritium analysis are indicated by colored dots. Note
that the stream in Q1 (P. radiata plantation) ceased to flow in November 2013 and recommenced in
August of 2014. Flow ceased again in October 2014 and did not recommence until the first winter
(May-June 2017) after the fires.

In Q1 (P. radiata), annual, maximum, and minimum streamflow were similar before
and after the fire while these measures of flow were greatly reduced in Q2 (native forest)
and nearly doubled in Q3 (P. radiata) (Table 2). Of the three catchments, Q2 had the
highest average annual flow (367 mm) and summer flow (64 mm) before the fires. After
the fires, Q3 had the highest annual average flow (364 mm) and the highest summer flow
(33 mm) (Table 2).

In the Q2 catchment, the lowest monthly flow before the fire was 9.7 mm in July
2016, and after the fire was 7.9 mm in December 2018. In contrast, for Q3 (P. radiata) the
maximum flow was in the first year after fire (82 mm) and the highest summer flow was
the second year after fires (62 mm). Moreover, for Q3, the maximum monthly flow before
fires was in August 2014 (5 7 mm) and the minimum in April 2014 (0.4 mm). The minimum
monthly flow was, interestingly, right after the fires in January 2017 (0.3 mm).
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Table 2. Streamflow characterization within the experimental catchments at Quivolgo (average values
pre- and post-fire).

Q1 Q2 Q3
Catchments Before After Before After Before After
Annual average flow (mm) 147.8 122.6 367.3 141.4 181.8 363.7
March low flow (mm) 0 4.37 19.7 12.7 7.3 7.8
* Average summer flow (mm) 324 17.1 63.8 26.5 26.4 32.7
** Runoff coefficient 0.21 0.10 0.37 0.12 0.17 0.28

* January to March flow. ** Sum of streamflow when is available to the sum of the rainfall when streamflow is
available. Q1 streamflow available from 2010-2013 and 2017-2018, for Q2 from 2010-2015 and 2017-2018, and for
Q3 2014-2016 and 2017 for Q3. Specifically, Q2 2016 flow is complete until December and the 2017 flow started in
February due to the wildfire: Q3 2014 flow does not include October-November, 2017 August, and 2018 from
April-July due to weir reparation. Q2 is a complete set of daily streamflow data from 2010 to 2018.

3.2. Runoff Coefficient (RC, the Ratio of Streamflow to Rainfall)

The average runoff coefficient (RC) after the fire in Q1 and Q2 is half of that before
the fire (Table 3), while in Q3 after the fire, RC values are 60% greater than those observed
before the fire. In Q1 (P. radiata), the RC decreased immediately after the fire but has since
started to increase. After the fire, the RC in Q2 decreased and was similar to that of Q1.

Table 3. Annual runoff coefficients pre- and post-fire (January 2017).

Pre-Fire Post-Fire
Catchment 2010 2011 2012 2013 2014 2015 2016 2017 2018
Q1 PR 0.32 0.21 0.14 inc inc n/d n/d 0.09 0.13
Q2 NF 0.41 0.42 0.36 0.34 0.37 0.37 0.34 0.09 0.17
Q3 PRM n/d n/d n/d n/d 0.17 0.21 0.14 0.25 0.39 *

NEF: native forest, PR: radiata pine, PRM; mix radiata pine and NEF. Inc: incomplete dataset, n/d: no data. * January
to April period.

To complement runoff coefficient results, we have selected some high rain intensities
from before and after the fire (when available) and analyzed the instantaneous streamflow
(L s71) one hour before and after the selected rainfall event (Table 4). There was no flow
over the gauging weir in Q1 in the year preceding the fires. In Q3 rainfall of similar intensity
yielded more flow after than before the fires. In Q3, rainfall of similar intensity yielded
20 times more water than Q2 and twice that of Q1 (Table 5, Q + 1). Conversely, Q2 required
more rainfall after the fire to yield a similar flow to that generated before the fire.

3.3. Baseflow

Baseflow index (BFI), the ratio of baseflow to annual flow, varied from 31 to 94% across
the three catchments (Table 5). In Q1, the BFI was higher after the fire than before. In Q2,
the ratio was similar before (86%) and after (93%) the fire. In Q3 the baseflow proportion
before the fire ranged from 54 to 71% (mean 79%) but decreased after the fires.

3.4. Tritium Concentrations and the Age of Water

Streamflow was measured on the day when water samples were collected (Table 6),
and tritium concentration is summarized in Tables 6 and 7. In 2013 and May 2017, there was
very little or no water flowing through the weir in Q1 (P. radiata). Of the three catchments,
Q3 (P. radiata and Native Forest) had the highest monthly flow rate at the time of sampling
after the fires. Flow rate at sampling was lower in all three catchments in the second year
after fire than before the fire. No significant relationship was observed between monthly
flow and either tritium concentration or Mean Transit Time (MTT).
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Table 4. Rainfall intensity in 1 h (I) and instantaneous streamflow yield (L s~!) pre- and post-fire
(when data were available).

B 01 Q2 Q3
Date [mmh™) o Qi Q1 Qu Q1 Qi
Pre-fire 16 August 2016 8.8 - - 2.50 3.21 1.38 1.98
16 October 2016 4.6 - - 1.98 2.31 0.90 1.46
31 October 2016 4.2 - - 1.54 1.83 0.29 1.14
Post-fire 15 June2017 18.8 - - 2.16 2.28 45.22 75.19
10 April 2017 14.4 3.78 22.76 2.14 2.08 13.76 39.04
22 June 2017 14 23.11 40.24 2.29 2.56 69.77 79.62

Q¢ —1: streamflow 1 h before; Qy,1: streamflow 1 h after.

Table 5. Proportion of baseflow over total flow within each catchment.

01 Q2 ** Q3 ***
Year BFI Baseflow (mm) BFI Baseflow (mm) BFI Baseflow (mm)
2010 0.55 154.8 0.88 269.6 n/d n/d
2011 0.56 103.3 0.77 2774 n/d n/d
2012 0.44 49.8 0.81 251.7 n/d n/d
2013 n/d n/d 0.83 202.9 n/d n/d
2014 n/d n/d 0.69 305.6 0.54 117.3
2015 n/d n/d 0.83 321.7 0.69 162.2
2016 n/d n/d 0.85 190.8 0.69 64.0
2017 0.31* 41.2 0.93 127.5 0.51 185.9
2018 0.66 734 0.94 136.6 0.71 149.7

n/d: no data: * Q1 started to flow again in June 2017 after fires: ** Q2 2016 flow is complete until December and
2017 flow started in February due to the wildfire: *** Q3 2014 flow does not include October-November, 2017
August, and 2018 from April-July due to weir reparation.

Table 6. Monthly flow (mm) at the time of sample collection for tritium analysis in the three Quivolgo
catchments.

Date of Sampling Q1 Q2 Q3
7 September 2012 11.0 - -
4 March 2013 0.0 - -

17 February 2014 - 13.6 9.3

15 September 2014 15.2 82.9 40.6

18 May 2017 0.0 12.5 26.9

17 October 2017 449 14.8 82.3

6 March 2018 44 13.1 14.5

21 November 2018 11.9 9.9 41.0

In Q1 (P. radiata land cover) mean transit times varied from 5 to 15 years (Table 8)
between 2012 and 2018. A slight increase in MTT from before to after fires was observed in
Q1. Moreover, in Q1 the estimate for the MTT did not differ between samples collected at
the stream source and the weir in 2018. In Q2 (native forest land cover), estimates of MTT
ranged between 9.5 and 30 years (Table 8) and no change in MTT was evident from before
to after the fire. In Q2, MTT from the stream source is about half of the age at the outlet in
both sampling campaigns (summer/spring 2018) indicating groundwater contributions
from deeper (longer) flow paths further down in the catchment. In Q3 (P. radiata and native
forest land cover), MTT estimates ranged from 8 to 29 years (Table 8). As noted by using
hydrological metrics, there was no noticeable pattern of change in MTT due to the fires in
this catchment, and there was no significant difference in MTT between the water source
and outlet.
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Table 7. Tritium concentrations (TU) at sampling dates in three experimental catchments at Quivolgo

and lab analysis dates.

Q1 Stream PR Q2 Stream NF Q3 Stream PRM
Stream Sampling Date TU Lab Analysis Date
7 September 2012 0.831 £ 0.026 - - 1 June 2013 *
4 March 2013 0.801 &+ 0.025 - - 1 June 2013 *
17 February 2014 - 0.597 + 0.020 0.613 +0.018 23 March 2015
15 September 2014 0.927 + 0.027 0.779 + 0.022 0.819 + 0.022 23 March 2015
18 May2017 0.784 4+ 0.029 0.615 + 0.027 0.754 4+ 0.029 22 July 2019
17 October 2017 0.818 + 0.029 0.704 + 0.027 0.726 + 0.027 22 July 2019
6 March2018 0.689 + 0.029 0.614 + 0.021 0.652 + 0.021 22 July2019
21 November 2018 0.727 + 0.023 0.540 £+ 0.025 0.621 + 0.026 8 June 2020
Source sampling date Q1 source PR Q2 so;{}c e NF Q3 source PRM Lab analysis date
6 March 2018 0.708 + 0.027 0.766 + 0.023 0.624 + 0.021 22 July 2019
21 November2018 0.792 4+ 0.024 0.689 £+ 0.023 0.615 4+ 0.026 8 June 2020

NF: native forest, PR: radiata pine, PRM; mix radiata pine and NF. * An approximate date due to precluded
lab database.

Table 8. Mean transit time (years) for all catchments by each of the models.

Stream Sampling Date Q1 Stream PR

MTT (Years) EMM EPM (0.25) EPM (0.43) DM (0.8)
7 September 2012 9a 852 82 112
4 March 2013 114 9a 854 124
17 February 2014 - - - -
15 September 2014 52 552 552 64
18 May 2017 94 8a 84 109
17 October 2017 84 654 6.54 84
6 March 2018 152 122 1152 152
21 November 2018 132 102 952 134
6 March 2018 * 13.5 11 10.5 14
21 November 2018 * 9.5 8 75 9.5
Stream sampling date Q2 stream NF
MTT (years) EMM EPM (0.25) EPM (0.43) DM (0.8)
17 February 2014 3042 224 192 294
15 September 2014 112 102 954 132
18 May 2017 222 172 172 232
17 October 2017 142 112 112 142
6 March 2018 222 174 152 212
21 November 2018 302 222 202 302
6 March 2018 * 10 9 8.5 11
21 November 2018 * 15 11 11 15
Stream sampling date Q3 stream PRM
MTT (years) EMM EPM (0.25) EPM (0.43) DM (0.8)
17 February 2014 292 202 182 252
15 September 2014 94 852 82 112
18 May 2017 112 102 102 122
17 October 2017 132 1052 102 132
6 March 2018 182 142 132 182
21 November 2018 214 162 152 20542
6 March 2018 * 21 16 15 21
21 November 2018 * 21.5 15 16 21

NF: native forest, PR: radiata pine, PRM; mix radiata pine and NEF. *: Sample at the source of headwater. a/b; The
same letter means no significant difference within MTT per model and per catchment.
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For Q2, tritium analysis in 2018 indicated that the water at the stream source was
about half the age of the water at the stream outlet. This indicates that water from longer
flow paths enters the stream along its length [59]. Q1 had a similar MTT of 8.5 years at
extremely low (March 2013 and May 2017) and at high flow. In 2018 the water was slightly
older. Q2 had older water of about 18 years, except in October 2017 when it was younger
than the 2018 samples.

Additionally, looking at mean MTT against the sampling month shows a decline in
MTT from during the wet months and an increase in the dry season (Figure 4). Moreover,
we see that MTT in Q2 has always been greater (around two times) than in Q1 and about
1.5 times that in Q3.

The Skott-Knott (SK) test showed no significant differences (p-value < 0.05) between
water ages pre- and post-fire in all three catchments with all four LMP models (Table 8).

Within a catchment the was no clear relationship between the mean transit time and
either BFI or RC (Figure 5). For example, in Q1 and Q3 when RC increased after the fire the
mean MTT increased while in Q2 mean MTT did not change in the first year after fires. In
the BFI in Q1, the more baseflow meant older water, but there is not a clear trend in BFI in
2/Q3 with similar ages pre- and post-fire. However, there does seem to be a relationship
between MTT and BFI across catchments, with catchments with more baseflow having a
higher MTT, such as Q2.
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Figure 4. Mean transit times by month for each of the four models.
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Figure 5. Baseflow Index (BFI) and Runoff Coefficient (RC) versus Mean MTT and TU. Mean MTT
was calculated averaging the two samples of 2017 and 2018 as a baseflow annual MTT. For Q1, we took
as pre-fire the 2012 samples; for Q2/Q3 the 2014 pre-fire samples were averaging as pre-fire MTT.

4. Discussion and Conclusions

In this paper, we used a combination of streamflow, rainfall, and tritium data from
three catchments to test whether the Mean Transit Time of water through these catchments
was unaffected by the ‘Las Maquinas’ wildfire of late January 2017. This was proposed
despite previously reported changes in the peak and low flows in at least one of the
catchments [32]. This expectation was based on two pieces of evidence. Firstly, the pore
flow pathways were not affected by the fire (e.g., [60]) and, secondly, the peak and low flows
reflect the celerity of water travel while the MTT is determined more by the bulk velocity
of water movement [31]. The data support this hypothesis and indicate that the effect of
the fire on streamflow magnitude varied between the three catchments, but that MTT was
fairly constant or even increased slightly. The poor relationship between measures of flow
and the MTT of water for the Quivolgo catchments and the observation that MTT was not
greatly changed after the fire suggests that, for these catchments, fire has affected storage
and celerity but has not affected the velocity of water in these catchments. This change in
the balance between celerity and velocity likely results from changes in infiltration, storage,
and drainage in these catchments.

The megafire burned a significant amount of litter and humic soil within the N. glauca
forest in the Quivolgo area [61]. These findings together with the fact that rainfall is
not generating high peak flows in Q2 suggest that deep soil infiltration may have been
enhanced within the first year after the fire. This enhancement may be due to soil cracking
during the drought [62], particularly after the removal of the leaf cover, and/or to the rapid
development of vacant old root channels as preferred infiltration pathways after the fire.
(e.g., [63,64]). Additionally, according to [20], evapotranspiration from Q2 accounts for
a small proportion of rainfall and, because streamflow has not increased, there is a high
probability of this unaccounted water being stored deeper in the soil where it is mixing
with stored water but not yet affecting the average water age.

The peak flow in Q2 after the fire was much lower than Q1 and Q3, and much lower
than before the fires. In [20] it was shown that after evapotranspiration of native forest in
Q2 was accounted for, the reduced streamflow still left a net unaccounted water balance of
915 mm in 2017 and 421 mm in 2018. This suggests that the system has changed to one in
which flow has decreased, even though the rainfall increased. It is an unusual behavior
but is not without precedent (e.g., [64,65]). In [20], it was hypothesized that before the fire,
infiltration had been blocked by a combination of filled root channels and very dry soil,
whereas after the fire these potential preferred pathways opened, increasing the infiltration
to the deep fractured rock system.

Runoff and water yield seem not to have an evident association with MTTs. In Q1,
where runoff and water yield were not as high as Q2 before the fire, indeed virtually zero
in 2015 and 2016, MTTs were shorter than the native forest. MTT in Q3 was similar to Q2
both before and after the fires (Table 6) and more than 50% greater than Q1. Stormflow
response was greatest in Q3, before the fires, and was 1.5 times that of Q2. After the fires,
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when all catchments were flowing, the Q1 response to the storm was 300 times that of Q2,
and Q3 was 155 times that of Q2. It may be that catchment volume and size is playing an
important role in water age and streamflow. Q2 is the biggest catchment, followed by Q3,
which is one explanation for why transit times are shortest in Q1 (the smallest catchment)
and longest in Q2. However, it is out of our study scope, and in the future, we plan to
explore catchment geomorphology effects on MTT.

After the fires, MTT in Q1 increased. However, the native forest catchment, Q2, MTT
seems unaffected, but runoff and water yield were reduced. In Q2, the lowest monthly
streamflow in the 2009-2016 period was 9.6 mm in 2014. However, the lower monthly
streamflow post-fires were 12.0 mm in February 2017, indeed stream flow seems less
variable through the seasons. Precipitation occurs mainly in winter, when the main species
(N. glauca) drops all its leaves, therefore, more water gets into the soil, there is lower
evapotranspiration and, while we would expect more water to be stored in the soil [66],
often this is also the period of highest streamflow.

After fires, in Q1 and Q3, water ages increased which may be due to (1) more new
water infiltrating deeper in the regolith and not passing through the soil matrix to the
stream [67], or (2) new water entering the system pushing old water within the macropores
to streamflow [68,69]. Thus, two different mechanisms could produce a similar result in
the stream. Peak flows increase following a fire are often observed and usually ascribed
to increased hydrophobicity and lower ET; in our case, this occurred in Q1 and Q3 but
not Q2. For instance, Q3 BFI in 2015 and 2016 was 0.69 whereas in 2017 it was 0.51 which
means half of the flow was surface runoff. Particularly in Q1, in the first-year post-fire
surface runoff was almost 70% of the total flow, while in the second-year post-fire that
surface flow dropped to only 34% of streamflow. However, in the first year after the fire, the
Q1 catchment started to flow in May—June 2017 in a year with above the average rainfall
(1400 mm), and some soil disturbing phenomena such as hydrophobicity, soil sealing,
hyper-dry conditions, could also explain the high runoff. Nonetheless, the second-year
post-fire BFI increased suggesting new water displacing older water to the stream.

An earlier study at these sites in 2015 [70] found transit times between 9 and 15 years
(Q1 and Q2). In Q1 we have not found a significant difference in MTTs over time, however,
this catchment went dry for a period, and we might expect older water in the stream.
However, there is still little difference between MTTs before and after fires.

With almost 20 ha of native forest, Q3 seems to behave similarly to Q2, as we can see
in the similar MTTs in summer 2014 and no statistically significant differences between
these two catchments. This might be due to the similarities in the native forest composition
and cover in Q3 and Q2, particularly in the wet zones near the streams. Moreover, in the
spring of 2014 within all catchments, MTTs were at their lowest in the study period. In
this pre-fire sampling, 1250 mm of rain had fallen in that year, the second wettest after the
2017 rainfall and it is possible that such an amount of water has mixed with older water
decreasing mean water age.

When comparing source and outlet samples, the mature native forest (Q2) catchment
had the greatest differences in MTTs, while Q1 and Q3 had no significant differences. In Q2,
water sampled at the outlet had almost double the age of samples from the stream source in
all LPMs results, despite the samples taken no more than 600 m apart. In 2018, the source
sample MTT is about 8.5-11 years old, but the sample at the outlet is about 22-15 years old
(Table 6). In Q1, we could not identify a difference between the age of source and outlet
samples. A mixing process might be occurring in the soil, where new water is being mixed
with the old due to an increase in infiltration rates. However, there could also be a bias of
the methods with a probability of underestimating the water age due to limitations of the
LPMs [71].

Cartwright and Morgenstern [39] found that the MTT differences between catchments
can be related to the pattern of evapotranspiration. However, in this study, it was not
possible to measure evapotranspiration after the fire within the pine catchments and was
possible only in the native forest [20]. After fires, both Q1 and Q3 have increasing runoff
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(Table 3), and water is getting older probably because after the initial increase in surface
runoff component (BFI reducing) new water is entering the soil matrix displacing older
water as seepage to the stream. In Q2, water flowing out at the source is around half the age
of the stream water at the outlet, which could reflect longer flow paths in this catchment, a
more complex groundwater flow entering along the stream at different points, or simply
more subsurface flow entering the stream. Different water ages in samples from source and
outlet introduce uncertainties in the calculations of MTTs [72].

Wildfires are a well-known disturbance that affects the hydrologic cycle. With an
expectation of more fires in the future [73], how these fires affect the hydrology of a site
will be of increasing concern, especially in drier zones such as the Mediterranean coastal
zone of Chile. Age tracers, such as tritium, can help us understand how water moves
within the different flow pathways within a catchment [74]. After 10 years of drought and
with a mega-fire in 2017, MTTs have not materially changed. Sampling both the source
and at the outlet, showed essentially no difference in MTT in Q1, a little difference in Q3,
and a significant difference in Q2. Within the following years from this study, a sampling
schedule to continue to investigate both the long-term drought and the effect of wildfire in
these catchments will be maintained.

Finally, to improve our knowledge of our sites and in conjunction with hydromet-
rics and tritium sampling, a geophysical sampling schedule (e.g., electrical resistivity or
seismic waves) and boreholes should be performed in order to check water table fluctu-
ations and their relationship with water age and other hydrologic variables. Moreover,
a sampling schedule for other isotope sampling (i.e., deuterium and oxygen-18) and a
continuum tritium sampling in water and rain schedule (days or monthly) to increase MTT
parameterization within sites should be performed in the future.
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