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1. Background and objectives

Since decades it is evident that climate change is generating complex responses in aquatic ecosystems
that vary according to their geographic distribution, magnitude, and timing across the global
landscape (e.g., Williamson et al., 2009). Climate change, in particular global warming and increasing
aridity, is leading to an increase of fire frequency and severity (Brown et al., 2021). Fire is a prevalent
feature of many landscapes. It has numerous and complex effects on geological, hydrological,
ecological, and economic systems. Landscapes exposed to fire often include stream, river and lake
catchments leading to cascade effects up to the loss of ecosystem services they provide (Smith et
al., 2011). In fact, lakes are naturally downstream recipients and integrators of transport from land
to water and of processes that occur in their watersheds (Williamson et al., 2008).

Two main pathways for the relationship between fires and water characteristics can be identified: i)
atmospheric transport of compounds from fire emissions and deposition over lake waters; ii) increased
soil erosion and changes in runoff due to vegetation removal and sediment transport through the river
network to lakes. Wildfire emissions of pollutants through smoke plumes are transported into the
atmosphere and, in some cases, far from the originating fire event location (Wang et al., 2022). One
of the impacts of wildfires is the release of persistent organic pollutants, including polycyclic
aromatic hydrocarbons (PAHs). While PAHs generated during wildfires have been sufficiently studied
in the atmosphere (e.g., Wentworth et al., 2018) and in soils (e.g., Vergnoux et al., 2011; Campos et
al., 2016), studies of PAHs patterns in surface and ground waters are limited (e.g., Smith et al., 2011;
Mansilha et al., 2014; Gorshkov et al., 2021). For the second pathway, the fire disturbance on
vegetation cover, create an ash layer rich in potential contaminants, and increase contaminant
mobilisation by enhancing runoff and erosion. This may lead to the contamination of surface and
groundwater resources with suspended sediments, metals, organic compounds and nutrients. These
contaminants can also accumulate in riverbanks, flood plains or at the bottom of rivers and lakes,
creating problems long after the fires end. The magnitude and duration of hydrological and
geomorphological activity following wildfires depends on the complex interplay of factors including
site (e.g., catchment size, land cover) and fire characteristics (e.g., severity and extent) as well as
post-fire rainfall patterns (Pacheco and Fernandes, 2021). In fact, the magnitude, intensity and
frequency of post-fire rainfall and associated flow events are key drivers of erosion and sediment
delivery in many burned catchments (Robichaud et al., 2007; Malmon et al., 2007; Cannon et al.,
2008; Moody and Martin, 2009).

Changes induced by wildfires can be short lived or last many years. Research on the relationship
between wildfires and water quality is largely inter-disciplinary. Long- and short-term impacts of
wildfires on the quality of lakes water can be investigated with the use of datasets produced from
remote sensing techniques, which provide consistent, global, and objective information and have
been increasingly used for monitoring the state of Earth systems (Zhao et al., 2022). Earth
Observation (EO) data can support systematic delivery of geospatial products depicting spatio-
temporal variation of active fires, burned area and optical-biogeochemical indicators of water quality
(e.g., chlorophyll-a and turbidity concentration) worldwide (Warren et al., 2021; Chuvieco et al.,
2022; Lizundia-Loiola et al., 2020; Giglio et al., 2009). The specific effects of wildfires on water
quality are less commonly reported compared to the effects on terrestrial ecosystems or on the
hydrology of burned catchments (Dahm et al., 2015). A deeper understanding of the impact of fires
on aquatic ecosystems and water quality is also necessary for the development of adaptation and
mitigation strategies.

Investigation of the effects of fire events on lakes are required over short and medium range periods
following the event, encompassing different biomes and relying on multitemporal datasets. The
overall objective of this study is to use observations from satellites of the fire and lakes Essential
Climate Variables (ECVs) and other global data products to examine the impact of wildfires on lakes,
in particular on pristine lakes. Pristine lakes are under threat globally due to anthropogenic pressures,
and none remain in Europe for several specific lake types (Jarvinen et al., 2013). Lakes in remote and
remaining wilderness areas globally, previously shielded, now face increasing threats from climate
change, including the increased incidence of wildfires. This study takes data from the Fire_cci and
Lakes_cci to identify pristine lakes globally likely to be threatened by fire, and subsequently examines
key events for potential ecological responses.
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This study first introduces chlorophyll-a (Chl-a) data preparation, followed by the classification of
the trophic status of all lakes included in the Lakes_cci dataset V2.0.2 (section 2). Then, a section is
dedicated to the definition of lake connected catchments to identify terrestrial riverine pathways
from burned areas to the recipient lake, and fire data preparation (Fire_cci dataset) (section 3).
These first steps feed into all subsequent analyses. A section follows with the explanation of the
Source - Pathway - Receptor (SPR) approach to identify lakes that are more prone to wildfire effects
(section 4). Section 5 is dedicated to the assessment of the impact of wildfires on pristine lakes at
the global level. Finally, we turn the focus of this study to Water Framework Directive (WFD) priority
substances (i.e., PAHs) data further detect and investigate impacts of wildfires on lake water(section
6). All these results are followed by a discussion with key conclusions of the work (section 7).
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2. Chlorophyll-a data preparation and lake trophic status classification

2.1 Methods

From the Lakes_cci dataset V2.0.2 Chl-a data were extracted for all lakes for the period 2003-2020

(Carrea et al., 2022) and with the R software (R Core Team 2022) the following post-processing of
these data was then performed:

» Removal of Chl-a data when Ice Cover data is also present.
> Applying concentration thresholds: 0.00001< Chl-a <300 mg m.

» Removal of outliers: values 5x interquartile range.

A classification of lake trophic status was performed on the basis of phytoplankton abundance, that
is Chl-a concentration, calculated for the period 2016-2020, according to OECD (1982) (Table 2-1).

Table 2-1. Lake trophic status classification based on mean chlorophyll-a concentration.

Lake category Chlorophyll-a (mg m3)
Ultra-oligotrophic <1
Oligotrophic <2.5
Mesotrophic 2.5-8
Eutrophic 8-25
Hypertrophic > 25

2.2 Results

The distribution of the trophic status classification of lakes included in the Lakes_cci dataset is
reported in Figure 2-1. A total of 234 lakes were extracted as sum of ultra- (n=107) and oligotrophic

(n=127) lakes from the classification of all lakes with the ECV LWLR (Figure 2-1). We assumed that
the low trophic status can be a proxy of pristine lakes.
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Figure 2-1. Pie chart of the trophic status classification of lakes included in the Lakes_cci dataset (period 2016-
2020) and global map of lakes classified as ultra- and oligotrophic.
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3. Definition of lake catchments and fire data preparation

A key step in the analysis was the selection of basins connected to each lake. The lake catchment
defines the area where fires could influence lake water quality through run-off. Lake catchments
were identified from the HydroBASINS product version 1.c (Lehner and Grill, 2013; HydroSHEDS, 2014)
which contains polygons defining hierarchically nested sub-basin boundaries at the global scale (from
Level 1 to Level 12).

Specifically, we used the following information from the attribute table of the shapefile:

1. “HYBAS_ID”: unique basin identifier;

2. “NEXT_DOWN”: Hybas_id of the next downstream polygon that can be used for navigation
(up- and downstream) within the river network;

3. “LAKE”: indicator for lake types: 0 = no Lake; 1 = Lake; 2 = Reservoir; 3 = Lagoon.

The catchment can be identified recursively starting from the lake ID. In this study we defined a
global catchment dataset from lakes included in the Lakes_cci (Figure 3-1).

Input DB I::> Intersection I:> FiIteringI:> Basin growing I::>0utput Db

Figure 3-1 Flowchart for the definition of lake catchments. Numbers in each box show the number of polygons
contained in each layer.

With the hierarchical information in the HydroBASINS layer it is possible to navigate upstream from
the selected lake to all sub-basins hydrologically connected to the lake. We first identified the
intersection of lakes contained in Lakes_cci and HydroBASINS. At this stage, 105 lakes included in the
CCI dataset were discarded since they were not represented in the HydroBASINS layer (marked as
‘Lost’ in Figure 3-1). In the basin growing step, a new polygon is connected through the “NEXT_DOWN”
attribute under the condition that it is not a new lake based on the “LAKE” attribute. When the script
finds a lake it will stop growing connections. The flowchart was implemented in R Language for
Statistical Computing (R Core Team, 2022).

The procedure can be repeated until each catchment stops growing. However, we assumed that fires
are less relevant in the analysis of the impact on lake water if they occur far from the lake. Hence,
the number of iterations should be limited to avoid growing very large catchments. Preliminary
analysis allowed us to set a threshold on the maximum number of iterations equal to 50 to identify
most of the sub-basins. Figure 3-2 shows that most of the lakes have a basin network that can be
recreated using 50 iterations. An example of the output catchments (with 50 iterations) for two
regions in Europe is shown in Figure 3-3.
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Figure 3-2. The number of lake catchments in each continental area as a function of the maximum number of
iterations necessary to build the catchment (x-axis).

Figure 3-3. Example of the output lake catchments for peri-alpine lakes (a) and Northern Europe (b). Each
colour represents a relation to a specific lake.

After the definition of lake catchments the corresponding aggregate burned areas (BA) were
extracted. Information on the extent of the area affected by fires for each catchment was extracted
from the Fire_cci Burned Area product (FireCCI51) (Lizundia-Loiola et al., 2020) for the period 2001-
2020. The FireCCI51 product was downloaded from the Centre for Environmental Data Analysis archive
(CEDA, https://catalogue.ceda.ac.uk/). Information extracted from the FireCCI51 BA product was,
for each burned 250 m pixel: day of the year (DOY) and the land cover according to the Landcover
cci project (LC_CCI v2.0.7, ESA, 2017). The FireCCI51 datasets is available as monthly raster GEO tiff
files with daily information that was aggregated temporally to weekly and monthly values to enhance
peaks/anomalies.
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4, Source - Pathway - Receptor (SPR) approach

4.1 Selection of lakes

We explored criteria for selecting lakes most susceptible to fire impacts. The sites were selected
according to the Source - Pathway - Receptor (SPR) approach, examining the Lakes_cci dataset (CRDP
2.0.1, Carrea et al., 2022). SPR focuses on identifying the sources, pathways and receptors and their
interrelationships, and these are likely key to the understanding of the manifestation of ecosystem
alterations caused by wildfires in lakes. In our study, burned areas represent the ‘source’,
precipitations (standardised precipitation index-SPIl) the ‘pathway’ and lakes (ratio catchment area
/ lake area) the ‘receptors’.

Starting from a total of 2024 lakes in the Lakes_cci dataset, a series of statistical analyses identified
a global subset of lakes likely to be vulnerable to wildfires in their catchments. From the whole
dataset of the 2024 lakes and their watersheds, we identified and aggregated types of wildfires, in
terms of land cover burned, by means of a hierarchical cluster analysis. The proportion of the
hydrological area estimated as burned area over a 20-year period (2001-2020) was also clustered.
This resulted in a selection of candidate lakes covering geographical and land cover combinations
with different burn temporal patterns (frequency/intensity). The next step of the analysis focussed
on the selected lakes, prioritised by their risk from wildfire contamination via riverine input.

4.2 Methods

To identify and aggregate similar types of wildfires, in terms of land cover burned a hierarchical
cluster analysis was carried out using Sgrensen distance with flexible beta linkage McCune and
Mefford, 2016).

The Standardised Precipitation Index (SPl) was calculated for the period 1980-2019. The SPI
calculation for any location is based on the long-term rainfall record for the considered period. This
index is a statistical indicator that compares the total (median) precipitation falling at a given
location during a given period (12 months for this work) with the distribution of long-term
precipitation for the same period (Edwards and McKee, 1997). Negative index values identify
moderately to extremely dry conditions, while positive values identify very to moderately wet
conditions; values in the range [-1, 1] identify close to normal conditions with respect to the long-
term trend.

For the selected lakes, the Lakes_cci products Chl-a and Turbidity were considered as lake water
quality parameters that might be affected by wildfires in their catchments. The five largest ROIs per
lake were created based on the JRC GSW occurrence layer (Global Surface Water Explorer: global-
surface-water.appspot.com). For the period 2017-2020, the weighted mean (by pixel number) per
day per lake was calculated, for Chl-a and Turbidity concentrations. Time series for standardised
precipitation index (SPI), sum of ice, lake surface water temperature (LSWT) were also produced.

4.3 Results

Cluster analysis of land cover types burned and total area burned provided a total of 314 lakes
highlighted for further investigation (Table 4-1). The catchment area/lake area ratio was calculated
for these lakes and plotted against the standardised precipitation index (SPI) for the 314 lakes
selected from the fire products.

Table 4-1. Contingency matrix of 2024 lakes selected via two clustering procedures: land type cover burned in
2011 (rows representing clusters 1-6 and total area burned from 2011-2020 (columns representing clusters
1,2,6,10,35 and 80). Potential geographical and land cover combinations with burn temporal pattern
(frequency/intensity) clusters are highlighted in bold (n = 314).
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Limited | Significant |y imited | Limited
angnual angnual peak in peak in Total
. . 2014 2013
burning burning
Cluster 1 2 6 10 35 80
1 383 698 128 15 39 18 1281
2 43 48 14 0 28 12 145
3 71 19 53 6 1 2 152
Boreal forest (Canada) 4 54 10 13 0 12 6 95
Crops - natural
shrubbery (Eurasia) > >1 0 114 13 1 1 180
Deciduous broad
leaves (Africa, India, 6 17 0 93 61 0 0 171
South America)
Total 619 775 415 95 81 39 2024

This allowed us to identify 154 lakes (with a 95th percentile SPI above 1.5, namely dry condition, and

a catchment to lake ratio above 30, that is a short residence time) that are likely to be more
susceptible to wildfires (Figure 4-1).
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Figure 4-1. Lakes from contingency matrix further selected to have a SPI 95th percentile above 1.5 and a

catchment area / lake area above 30 (i.e., upper right quarter of graph). The number of clusters refers to Table
4-1.

Figure 4-2 shows the global distribution of the 154 lakes identified by the contingency matrix.
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Figure 4-2. Localization of the 154 lakes identified in the upper right quarter of graph of Figure 4-2 from the
contingency matrix. The number of clusters refers to Table 4-1.

The next step in our analysis was the use of Lakes_cci products, Chl-a and turbidity, reviewing the
selected 154 lakes for data completeness, and to relate the selection to key biomes and fire regimes.

A graphical analysis considering the period 2017-2020 of the Lakes-cci and Fire_cci datasets,
compares temporal patterns of Chl-a and Turbidity concentrations with SPI index, ice cover periods
and burned areas extension in the catchment of the selected lakes. A subset of lakes, from the 154
candidate lakes, shows lake cases with a correlation in water quality products Chl-a and Turbidity to
wildfire occurrence and extension, perhaps due to contamination via precipitation and riverine input.
Those lakes have been grouped by absence or presence of ice cover on the lake surface, as ice cover
presence may interfere with the detection of water quality products by satellite sensors.

Table 4-2 summarizes lake geomorphological and trophic status characteristics, year of major fire
events and responses in water Chl-a and Turbidity concentrations of the lake subset. The average
depth of those lakes was less than 20 m, apart from one deeper lake (38.5 m), and lake area was
generally >50 km?. Lakes were located across a wide range of altitudes and according to the OECD
(1982) classification utilized in this report, the trophic state resulted for a majority of lakes to be
eutrophic (67%), followed by mesotrophic (28%) and oligotrophic. Major evident responses to fire
events, summarized in the table, show lake cases with increase in Chl-a concentration, increases in
turbidity, increases in both water quality products, while in a few lakes a decrease in Chl-a was
detected.

Graphical analysis for these selected subsets of lakes is reported in Figure 4-3 and Figure 4-4 for the
9 lakes characterized by ice cover and the 9 lakes without ice cover, respectively.
The same graphs for the full list of the candidate selected lakes (n=154) can be found in Annex 1.

Table 4-2. Lake geomorphological and trophic status characteristics, major fire events and responses in water
chlorophyll-a (Chl-a) and/or Turbidity (NTU) concentrations of the lake subset during 2017-2020.

Chl-a Altit Avera .
Trophic ude Lake ge Ice Fire
Lake_ID, Name Mean area | = event Response
state +std (ugl | (M (km?) epth | cover | _ Year
) a.s.) (m)
Lake 1059, Ukal . increase Chl-a
(India) Eutrophic 10.2+5.4 96 370 19.4 no 2018 and NTU
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Lake 1007, increased Chl-a
Guarico Mesotrophic 3.5£2.8 101 132 9.8 no 2018 ’
decreased NTU

(Venezuela)

Lake 15638, . increase Chl-a
(India) Eutrophic 12.7+18.6 | 439 91 15.3 no 2019 and NTU
Lake 10381, Eutrophic | 19.5:11.7 | 56 | 46 2.2 no | 2020 | increase Chl-a

(Paraguay)
Lake 603, Ubol rogressive
Ratana Eutrophic 38+29.3 179 313 7.2 no 2019 _prog
- increase Chl-a
(Thailand)
Chl-a
Lake 1612 Eutrophic | 30.2:27.4 | 698 | 443 | 7.2 no | 2019 | decreased, NTU
(Tanzania) .
increased
Lake 1616, rogressive
Poelela Oligotrophic | 2.0+1.8 0 88 4.5 no | 2018 pros
. decrease Chl-a
(Mozambique)
Lake 15901 . increase Chl-a
(Togo) Eutrophic 12.0+7.4 0 50 5.3 no 2019 and NTU
Lake 16311 . increase Chl-a
(Mozambique) Eutrophic 12.9+8.0 11 54 2.5 no 2018 and NTU
Lake 502, Balon | ¢\ oohic | 50.4:66.7 | 16 | 324 | 125 | yes | 2019 | increase chi-a
(Russia)
Lake 328,
Mingechaurskoye | Mesotrophic 5.0+2.2 70 415 yes 2019 increase Chl-a
(Azerbaigan) 38.5
Lake 337,
Stephens Mesotrophic 4.9+2.1 138 317 8.0 yes 2017 increase Chl-a
(Canada)
Lake 113, . increase NTU
Saratov (Russia) Eutrophic 13.0£14.0 | 23 1073 12.0 yes 2017 and Chl-a
Lake 291, Buir . increase Chl-a
(Mongolia) Eutrophic 19.6+£18.2 | 577 598 6.3 yes 2017 and NTU
Lake 601,
Krasnodarskoye Eutrophic 8.9+4.9 24 269 11.3 yes 2018 increase NTU
(Russia)
Lake 1609, Uyaly . increase Chl-a,
(Kazakhstan) Mesotrophic 6.8+3.5 348 123 2.0 yes 2019 decrease NTU
Lake 13715 . .
(Kazakhstan) Mesotrophic 6.8+2.3 376 58 4.2 yes 2019 increase NTU
Lake . .
Eutrophic 16.8+8.5 146 50 1.0 yes 2019 increase NTU

14041(China)
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Study report: Regional assessment on large oligotrophic lakes

Figure 4-3. Graphs of burned area, standardised precipitation index (SPI), lake surface water temperature
(LSWT), ice cover (sum_ROIs_ice), chlorophyll-a (Chl-a) and Turbidity (NTU) for the 9 lakes selected with
seasonal ice cover.
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Figure 4-4. Graphs of burned area, standardised precipitation index (SPl), lake surface water temperature
(LSWT), ice cover (sum_ROlIs_ice), chlorophyll-a (Chl-a) and Turbidity (NTU) for the 9 lakes selected with

seasonal ice cover.
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5. Assessing the impact of wildfires on pristine lakes globally

5.1 Impact of burned area on annual Chl-a average values

Pristine lakes were identified in section 2 as those lakes with low trophic status (see Figure 2-1). For
these lakes, we analysed the correlation between fire occurrence and water quality by assessing
whether years with fires showed significantly different levels of Chl-a compared to years with no fire
occurrence. The first objective addressed with this analysis was to provide insights on the likely
impact of fires at large temporal aggregation scale, i.e., the year. At this level it may be difficult to
appreciate the effect of small fires or short-lasting events, but the goal is to test the presence of
macroscopic relations and impacts.

Hence, the hypothesis that the fire influences water quality parameters was tested. To assess how
fire modifies lake conditions and its long-lasting effects, we compared fire and no fire periods, where
years with low or negligible fire activity are assumed as the baseline for lake water conditions.
Wildfires could alter water quality for months and years after the event and no preliminary
information on the expected duration is available. Therefore, we assumed as baseline for no fire
conditions a period of 1-3 years.

To perform the statistical analysis, the preliminary step was to identify those years with fire
occurrence and with no fires in preceding year(s) based on total annual BA in the lake catchment.
Only those pristine lakes that satisfy this condition were selected for the statistical test (n=37).

We performed a statistical t-test between the control year (no fire year before the event, C) and the
year with the fire event (F) as well as the years after the event (A1, A2, A3). The first test (F vs. C)
aims at highlighting the impact of fires while the second test (C vs. A1, A2, A3) at testing the duration
of the impacts (in some cases/ecosystems we could expect that fire impact lasts over the years). In
this case, with impact we identify a significant change in lake Chl-a. Figure 5-1 depicts the synthetic
scheme of the criteria and tests applied. Notice that if a fire occurs in the years after the event under
analysis, search for long lasting effects stops.

Tests were carried out with one to three-years time step. A paired t-test was used to compare mean
annual Chl-a for the pristine lakes subset that were selected.

Fire ) $ K) Y
Year 2002 2003 2004 2006 2007 2008 2009 2011 2012 2013 2014 2015
Class F A1 A2 A3 F A1 X X

Figure 5-1. Scheme of the statistical tests carried out between fire and no fire/control years.

The results of the paired t-test comparing annual average Chl-a of control years and fire event years
(F, A1, A2, A3) revealed no significant difference. This result does not mean that there is not a
relationship between fire event/burned area and the Chl-a values, but it is not observable at the
annual time scale. Furthermore, the lakes under analysis are pristine, but they manifest an important
variability in the response to the fire events (
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Figure 5-2). Moreover, wildfire events could be variable in terms of severity and extension of burned

areas, and there is a need for further investigation.
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Figure 5-2. Boxplots of control (C, green), Fire (F, red) and post-fire (A1, light blue) weekly average Chl-a

concentration (y-axis) for the pristine lakes under analysis (x-axis). In some cases, post-fire A1 year is not

available, according to the method applied.

Comparing control (green) and fire (red) boxplots, we can observe that Chl-a annual mean

concentration does not give a consistent response to fire event. It is likely that fires impact over
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shorter time scales after the event and Chl-a annual average values are not significantly altered.
More detailed statistical analysis is needed to focus on shorter time scale (seasonal, monthly, weekly)
together with a time series approach.

5.2 Relationship between Chl-a daily anomalies and burned areas

In this part of the study, we present results on the analysis of the relationship between Chl-a anomaly
and the amount of area burned within the lake catchment. For the pristine lakes identified at global
level (n=234) we investigated the possible impact of fires on water quality by comparing trends of
daily Chl-a anomaly and daily burned area. Anomalies in daily Chl-a were derived by satellite water
colour measurements (Lakes_cci dataset) according to the methodology proposed by Wang et al.
(2021).

Intersecting pristine lakes (n=234) with the HYDRObasin layer we obtained a total of 231 lakes to be
further investigated. Then, we selected lakes and their connected catchment with BA>0 over the
time period of interest (2001-2020) obtaining 74 lakes. Total BA was calculated for the whole lake
catchment, build as reported in section 3.

Following the approach proposed by Wang et al. (2021), we derived two Chl-a anomaly products for
each lake in the database: difference and ratio (or in its relative difference) both computed with
respect to Chl-a climatology (Chl(-a Clim). The Chl-a climatology layer is the Chl-a median value
calculated for the 61 days preceding the Chl-a daily estimation; these climatology values are
calculated on the first and fifteenth day of each month covering days 1-14 and days 15 to the end of
the month, respectively. The 61-day Chl-a Clim data are calculated with a 15-day lag time to avoid
anomalous Chl-a values that would significantly impact the Chl-a anomaly calculations for the period.
As for other analysis, the calculation has been done for the two distinct periods: 2003-2011 (p1) and
2016-2020 (p2).

Deltacma = Chladay - Chlaclim Eq. 1

Where Deltacniq is the daily anomaly difference [mg m3], Chladay is the Chl-a concentration of a
specific day and Chlacim is the 61-day Chl-a climatology value (one of the two values calculated for
each month).

The Chl-a anomaly ratio (or relative difference) (Aratiocnw.) is calculated as follows:
Delta — ratiocy, = Deltacna/ Chlag, EQ. 2
with Deltacna from Eq 1, Delta-ratiocna > -1, Delta-ratiocnia =-1 when Chl-a=0 mg m=.

Then, we plotted the result time series of Chl-a anomalies with BA daily values for each lake and
catchment and the two periods (p1 and p2).

A total of 148 graphs (2*74 lakes and catchments; Annex 2) were generated and inspected. When
simultaneous high burned area and Chl-a anomaly was observed, further investigations were carried
out on the identified lakes (Table 5-1) as follows:

1. Visualization in QGIS (3.16) of layers of lake area, catchment area and burned area
maps (with DOY of burned pixel detection, and Land cover of the burned pixel) to
identify the spatial and temporal occurrence of fires.

2. Plot of time series of Chl-a and Turbidity concentration in lake waters in the pre-
and post-fire period.

3. Plot of the monthly precipitation (ERA5 dataset) and burned area in the year and
the catchment under analysis.

Table 5-1. Lake’s identification, characteristics (trophic state, altitude, area, maximum depth), year of the
fire event to be investigated for fire effects on water quality and land cover of the burned area pixels are
reported.

Trophic Trophic Altitude Area Maximum . Land Cover
Lake_ID, Name state (pre- status (m km? depth Fire LC CCl
2012) | (post-2016) | as.l) | K™) | “(m) | event (Le_cah
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Year

375, Lake
Flathead (US)

Oligotrophic

Oligotrophic

882

510

50

2003

Tree cover,
needleleaved,
evergreen,
closed to open
(>15%);
Shrubland

411, Lake
Pyramid (US)

Oligotrophic

Oligotrophic

1157

487

107

2017

Shrubland

677, Lake Bear
(US)

Ultra-
oligotrophic

Ultra-
oligotrophic

1806

280

29

2003

Shrubland

782, Lake
Pasfield
(Canada)

Ultra-
oligotrophic

Oligotrophic

402

243

220

2010

Tree cover,
needleleaved,
evergreen,
closed to open
(>15%); Sparse
vegetation
(tree, shrub,
herbaceous
cover) (<15%)

1726, Lake
Terewah/Narran
(Australia)

Ultra-
oligotrophic

Ultra-
oligotrophic

118

267

2003

Tree cover,
needleleaved,
evergreen,
closed to open
(>15%); Mosaic
tree and shrub
(>50%) /
herbaceous
cover (<50%)

300010602, Lake
Puelo
(Argentina)

Ultra-
oligotrophic

Ultra-
oligotrophic

150

44

180

2015

Mosaic tree and
shrub (>50%) /
herbaceous
cover (<50%);
Tree cover,
needleleaved,
evergreen,
closed to open
(>15%);

In Figure 5-3 example plots of Chl-a anomaly (delta and delta-ratio) are reported with Chl-a
climatology and burned area for Lake Flathead (US), Lake Bear (US), and Lake Terewah/Narran (AUS).
For the three lakes, 2003 is evident as the year with high burned area followed by a high Delta-ratio
Chl-a. For Lake Flathead and Lake Bear the delta ratio anomaly was of 3-6, while for Lake
Terewah/Narran this value was over 100. The order of magnitude of the BA was much higher for the
Lake Flathead (> 100 km?) compared to the other two lake catchments (~10-30 km?).
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Figure 5-3. Plot of positive and negative Chl-a anomaly (Delta Chl-a) with Chl-a reference (Chl-a clim) (a, c, e),
and plot of Chl-a anomaly ratio (Delta-ratio Chl-a) with burned area (b, d, f) for Lake Flathead (US; Lake_ID
375), Lake Bear (US; Lake_ID 677), and Lake Terewah/Narran (Australia; Lake_ID 1726), respectively.

In the Lake Pasfield catchment and at the same time period (p1: 2003-2011), the year 2010 was
characterized by high total BA (~50 km?) and followed by a delta-ratio Chl-a >3 (Figure 5-4).

10
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Figure 5-4. Plot of positive and negative Chl-a anomaly (Delta Chl-a) with Chl-a reference (Chl-a clim) (a), and
plot of Chl-a anomaly ratio (Delta-ratio Chl-a) with burned area (b) for Lake Pasfield (Canada; Lake_ID 782).
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Two other cases were identified for the second period of analysis (p2: 2016-2020): Figure 5-5Lake
Pyramid (US) and Lake Puelo (RA) where an elevated BA was detected in 2017 (>120 km?) and 2016
(>30 km?), respectively, for the two catchments and lake waters were characterized by Delta-ratio
Chl-a >5 and >20, respectively (Figure 5-5).
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Figure 5-5. Plot of positive and negative Chl-a anomaly (Delta Chl-a) with Chl-a reference (Chl-a clim) (a, c),
and plot of Chl-a anomaly ratio (Delta-ratio Chl-a) with burned area (b, d) for Lake Pyramid (US; Lake_ID 411)
and Lake Puelo (Argentina; Lake_ID 300010602), respectively.

For the above-mentioned lakes, we also analysed maps of burned areas over the lake catchment area
to identify timing of major fire events (DOY of burned pixel detection). Temporal trend of Burned
Areas was plotted with Chl-a (and Turbidity) concentration and total precipitation (tp), for the period
investigated for each lake.

For example, in Lake Flathead (US) burned areas were detected between July and September 2003.
Chl-a values show a similar pattern in spring 2003 and 2004, while it can be noticed a slightly lower
Chl-a concentration in the summer period of 2002 and 2003 compared with 2004 (post-fire) with a
similar precipitation pattern among the years (Figure 5-6). An example of Chl-a concentration maps
for summer 2003 and 2004 are reported in Figure 5-7, where this pattern is clearly evident.

In Lake Terewah/Narran (AUS) catchment, fire events occurred from March to October 2003. In mid
of July of the same year a peak of Turbidity (43 NTU) was estimated for the shallow lake waters,
followed by a peak in Chl-a concentration (>30 mg m3) in April 2004 preceded by intense rainfall
events (Figure 5-6). In Turbidity concentration maps for the period pre- and post-fire 2003, and Chl-
a concentration maps for the period March-April 2004 (Figure 5-8).

Instead, for Lake Bear (ID_677; US) and Lake Pasfield (ID_782; Canada) were not identified differences
between pre- and post-fire events (of the period 2003-2012) in Chl-a and Turbidity concentration
patterns (Figure in Annex 2).
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Figure 5-6. Maps of Lake Flathead (upper panel) and Lake Terewah/Narran (lower panel) with their catchments
and burned area (BA) distribution and occurrence (DOY). The graphs report Chlorophyll-a (Chl-a, green) and
Turbidity (red) concentrations, total precipitation (tp, blue) and BA histograms (gray).
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Figure 5-7. Chlorophyll-a maps of Lake Flathead (ID_375; US) in the summer 2003 and 2004, that is immediately
after and one year after the fire events. Fires occurred in March and September 2003.
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Figure 5-8. Turbidity and chlorophyll-a maps of Lake Terewah/Narran (ID_1726; AUS) in the pre- and post-fire
period of 2003 and a year after the fire in 2004, respectively. Fires occurred from March to October 2003.

Lake Pyramid (US) and Lake Puelo (AR) showed an interesting response of lake water Chl-a
concentration values after fire events. In Lake Pyramid catchment, large burned areas were detected
between July and September 2017, and a peak of Chl-a (up to 11 mg m) was estimated at the end
of October of the same year after a period of low precipitation (Figure 5-9). Maps of Chl-a
concentration for this post-fire period are reported in Figure 5-10.

In Lake Puelo, the greatest fire events observed for the 18-year period covered by this study occurred
between March and April 2015 (up to 100 Km?). A Chl-a peak (7 mg m3) was recorded in September
2016 after a period of high variability in precipitation (Figure 5-9). However, there are no Chl-a data
available from 2015 to May 2016. In Figure 5-10, maps of Chl-a concentration for the period post-fire
are reported. This anomalous year in terms of fire (2015) could explain the difference in the median
Chl-a reference data of 2016 (see Figure 5-5c), but further investigations are needed.

25/40



Study report: Regional assessment on large oligotrophic lakes

12 0,006 140
. BA
—s— Chl-a L
10 0,005 120
100
8 0,004
R [
3 £
6 0003 ~ =
o
s 60 5
4 4 0,002
40
5 i H 0,001 20
0 A . — — —L 0,000 0
- 1112115 116116 11216 14617 11217 116118 111218
ID_411 Lake Pyramid — US, Nevada
8 0016 - 30
I BA
—+— Chla 0014
— 1 25
6 4 0012
— 20
E 0010
5 E
= -
E 4 oons £ L5 £
© =4 <
hs o
5 0,006
10
2 0,004
s
0,002
0 Doy 365 \
0+ | T T 1 T T T 0,000 Lo
ID_300010602 Lake Puelo — Argentina 1115 1715 111116 17116 "1nT 1nn7 11118

Figure 5-9. Maps of Lake Pyramid (ID_411) (upper panel) and Lake Puelo (ID_300010602) (lower panel) with their
catchments and burned area (BA) distribution and occurrence (DOY). The graphs report Chlorophyll-a (Chl-a,
green) concentrations, total precipitation (tp, blue) and BA histograms (gray).
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Figure 5-10. In the upper panel chlorophyll-a maps of Lake Pyramid (ID_411; US) in the season following fire
events of 2017. Fires occurred between July and September 2017. In the lower panel Chl-a maps of Lake Puelo
(ID_300010602; AR) in the post-fire period of 2016. Fires occurred in March and April 2015.
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In conclusion, from these analyses, we can summarize that in some lakes investigated a Chl-a increase
is likely a response to fire events and subsequent runoff from the catchment to the receptor lake.
The distribution of burned area were close to the lake surfaces and the maximum burned area per
day was comprised between 30 and 120 kmZ2. The land cover of burned pixels was comparable between
the case selected, that is tree cover, mosaic tree and shrub, and herbaceous cover. The Chl-a
concentration (lake average value) response in lake waters was detected with a different time span,
from short to medium term: after one-two months (e.g., lake Pyramid) or in the following 10-12
months (e.g., lake Flathead, Lake Terewah/Narran and Lake Puelo). Finally, only in the shallow Lake
Terewah/Narran a possible response by both Turbidity and Chl-a values occurred after few months
for the former, and after one year for the latter. This latter case is in agreement with the finding of
Uzun et al. (2020), that observed that three fires that occurred in the Northern California Coastal
Ranges in 2015 evidenced high levels of turbidity, and total suspended solids during the first rainy
season postfire. In addition, Rust et al. (2019) found that increased nitrogen, phosphorus and cation
exports were common the first 5 post-fire years from a synthesis of 159 wildfires across the western
United States. The other lakes of our study with a medium-term Chl-a increase response are likely in
agreement with the finding of this latter study.
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6. Investigation of WFD priority substances data for assessing wildfire impacts
on lakes

6.1 Background

Polycyclic aromatic hydrocarbons (PAHs) are a group of ring-structured organic compounds,
introduced into the environment mainly via anthropogenic or natural combustion processes.
Anthropogenic sources include combustion of fossil fuels, commercial and industrial heating systems,
incinerators, industrial discharges, runoff from roads, while natural combustion processes include
wildfires.

PAHs are transported in the atmosphere and can reach the water environment following wet and/or
dry depositions. During rainfall events, a significant load of PAHs can be transported from the
terrestrial surface into water bodies by runoff, resulting in non-point source pollution and
jeopardizing aquatic ecosystems (Zheng et al., 2012). Contaminant loading associated with
stormwater runoff from recently burned areas is poorly understood, even though it has the potential
to affect downstream water quality. Stein et al. (2012), assessing regional patterns of runoff and
contaminant loading from wildfires in urban fringe areas of southern California found that polycyclic
aromatic hydrocarbon flux was four times greater from burned areas than from adjacent urban areas.
PAHs have low water solubility and tend to associate with suspended particles in water, settling on
bottom sediments where they may persist. They are potentially dangerous in waters even at very low
concentrations due to their bioaccumulation along the aquatic food chain; with high toxicity,
mutagenicity and potential carcinogenicity they represent a threat for wildlife and human health
(Gorshkov et al., 2019).

Polycyclic aromatic hydrocarbons are present in all types of waters and were included in the list of
stable organic pollutants (SOP) by the Stockholm Convention (2001). In Europe polycyclic aromatic
hydrocarbons are classed as priority hazardous substances and ubiquitous persistent, bioaccumulative
and toxic (uPBT) compounds under the Water Framework Directive (WFD-2000/60/EC) in the field of
water policy. The related Directive 2008/105/EC and Directive 2013/39/EU set environmental quality
standards (EQS) for priority substances including PAHs in water and biota. uPBT substances persist in
the environment, can be transported long distances and pose long-term risks to human health and
ecosystems. Owing to widespread environmental contamination, achieving concentrations at or below
the EQS for this group of substances can be particularly challenging (European waters Assessment of
status and pressures, Report 2018).

European member states are required to report on priority substances in the aquatic environment.
These include PAHs such as anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[a]pyrene, benzo[ghi]perylene, indeno[1,2,3-cd]pyrene, naphthalene and fluoranthene. The
reporting frequency is one year of monthly sampling every six years, for every river basin management
plan (six years cycle).

European Member States reported their data to the Water Information System for Europe (WISE). We
have explored the WISE database (https://www.eea.europa.eu/data-and-maps/data/waterbase-
water-quality-icm-2) in order to match instances of significant fires with available monthly records
of PAHs in lakes and key events have been analysed.

Detection of changes in PAHs concentrations in lakes, not subjected to other significant anthropogenic
pollution, could be used to confirm an impact of wildfires and help pinpoint lakes and periods for
more detailed examination using Lakes_cci data.

The lowest molecular weight studied PAHs (naphthalene, fluorene, phenanthrene, anthracene,
fluoranthene and pyrene) appear to be the major ones produced by forest fires (Vergnoux et al.,
2011) and were predominant in rivers after forest fires (Olivella et al., 2006). In particular, it is
expected that fire events could be identified by increases in the runoff from burnt areas and in lake
water of fluoranthene and naphthalene relative to other PAHs (Campos et al., 2012; Gorshkov et al.,
2021).

In this study, periods when we identified a temporal match between fire occurrence and PAHs
increase in lake waters have been examined also for changes in lake water Chl-a and Turbidity to
understand wider ecological and system implications. The output has featured examples within the
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context of Lakes_cci matching available PAHs data in the Water Framework Directive (2000/60/EC)
reporting WISE database.

6.2 Methods

The procedure we applied for investigating potential fire effects on PAHs concentrations in lake water
in Europe, was based on merging the Lakes_cci dataset with European reporting WISE dataset.

European lake water monitoring stations from the WISE WATERBASE database
(https://www.eea.europa.eu/data-and-maps/data/waterbase-water-quality-icm-2) were
downloaded and matched with those included in the Lakes_cci project (using the Version 2.0.2
shapefile). For matching stations, data from in-situ monitored physico-chemical parameters and
dangerous substances in WATERBASE were extracted. The chemistry data was then filtered for
parameters typically affected by fires. In particular, a list of PAHs within monitored dangerous
substances (Fluoranthene Naphthalene, Benzo(a)pyrene, Benzo(b)fluoranthene,
Benzo(k)fluoranthene, Benzo(g,h,i)perylene, Indeno(1,2,3,cd)pyrene) were considered.

Utilizing QGIS software, the extension of burned areas (FireCCI51 dataset) and fire events were
overlapped with matches of Lakes_cci and WISE monitored lake stations for PAHs. Investigations were
carried out on time-series to detect the variation in PAHs concentrations in lakes positioned near
burned areas and fire events.

PAHs concentrations were compared with the environmental quality standards (EQS) for priority
substances according to the Directive 2013/39/EU.

6.3 Results

A total of 308 lake stations were found in common between Lakes_cci and WISE monitored lakes
(Figure 6-1). According to the WISE dataset utilized for this analysis, eleven European countries have
reported PAHs concentration in lake water, with a total of 43 common lake stations, corresponding
to 25 lakes (Figure 6-1).

The frequency of the data available varied among member states, from twelve to one sample per
year with one country reporting annually and other countries reporting for one year out of every six
as mandated by the WFD.

The investigation of the PAHs listed, within the WISE dataset, revealed few cases of increased
concentrations in lake waters. The following two lake cases have been selected since the increases
in PAHs arose in comparable periods of time and in nearby areas of wildfires occurrence.
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Figure 6-1. Scheme of the approach used to merge the Lakes_cci dataset with European reporting WISE dataset.
The number reported in brackets refers to the number of lake stations obtained as output.

Case 1. Lake Corrib (Ireland; Lakes_cci ID 1057)

Lake Corrib is one of the largest lakes in Ireland, with a surface area of 176 km? and a maximum
depth of 51 m. Situated in the west of the country (Figure 6-2), it is an oligotrophic lake (EPA data
Chl-a 1.5-2.5 pg L") and classified in good ecological and chemical status according to the Water
Framework Directive (60/2000) classification.

Regarding PAHs concentration patterns, during 2016 we detected an increase in Fluoranthene and
Benzo(a)pyrene concentrations in May 2016 (Figure 6-3). However, concentrations measured for both
substances were below the MAC-EQS (maximum annual concentration - Environmental Quality
Standards) set by the Directive EC 2013. Lakes_cci water quality products for this lake revealed an
increase in Chl-a concentration and partially in water Turbidity in the same month of May 2016. These
results were confirmed by chlorophyll-a in situ data reported in the WISE dataset, with the highest
concentrations of the period 2013-2020 measured during summer 2016.

A fire was detected in 2016, with 5 km? of total burned area, at 3 km distance from the lake, during
the period 23 April-15 May 2016. Land cover type burned was mainly shrubs or herbaceous cover
flooded (code 180), mosaic trees, shrubs and herbaceous (code 100), and sparse vegetation (code
150).

30/40



Study report: Regional assessment on large oligotrophic lakes

Figure 6-2. Lake Corrib (IE) location and fire site active during May 2016 (DOY of burned pixel detection).
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Figure 6-3. Fluoranthene and Benzo(a)pyrene concentration in 2016 in Lake Corrib.

The wind diagram below, calculated for the same period of the fire occurrence utilizing ERA5
datasets, indicates the strongest winds occurred along south-west north-east direction, suggesting a
potential transport of burned material and contaminants from the fire site to the lake surface.
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Figure 6-4. Wind diagram for the period April-May 2016 around Lake Corrib.
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Case 2. Lake Batak (Bulgaria; Lakes_cci ID 300014434)

Lake Batak is a reservoir located in the Rhodope Mountains, at 1107 m of altitude and is the third
largest lake in Bulgaria, with a surface of 22 km? and a maximum depth of 35 m. According to
Belkinova and Gecheva (2013), it is designed as heavily modified water body in oligotrophic
conditions.

Data available for PAHs during 2018-2019 indicated an increase, from background concentrations, of
fluoranthene and naphthalene (Figure 6-5). Those increases started to be detected during summer
2018, with higher concentrations reported during autumn and winter 2018/2019. Concentrations
measured were below the MAC-EQS (maximum annual concentration- Environmental Quality
Standards) set by the Directive EC 2013. Lakes_cci water quality products for this lake revealed a
peak in Chl-a concentration and in water Turbidity in August 2018.

Different fires were detected during 2018, in particular during the periods of end of June-8 July and
end of September-10 November 2018. As showed in Figure 6-6, the fires were located at north-east
of Lake Batak, at a distance of 16 to 45 km. Land cover burned was cropland (20), mosaic cropland
and natural vegetation- trees shrubs, herbaceous (30 and 40).
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Figure 6-5. Fluoranthene and Naphthalene concentration in 2018/2019 in Lake Batak.

Figure 6-6. Lake Batak (BG) location and fire site active during 2018 (DOY of burned pixel detection).

The wind diagrams, calculated for the same periods of the fire occurrences utilizing ERA5 datasets,
indicate that deposition by wind in the first period was unlikely, while during the second period
considered there was potential for airborne deposition to the lake (Figure 6-7).
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Figure 6-7. Wind diagrams for the summer and autumn period of fires in 2018 around Lake Batak.

In conclusion, examining the concurrence of fires and increases in PAHs in lakes confirms a link
between wildfires and lakes through either airborne or fluvial transport. However, the data available
for exploration were limited. This is because there was a limited match between Lakes_cci and
European lakes reported to WISE for these contaminants coupled with the added complication of
often infrequent fires having to coincide with the one in six years monitoring strategy employed by
the European directive. Nevertheless, for a few lakes we could demonstrate causal links which is
demonstrative of what could be achieved with a more comprehensive and joint-up monitoring
programme.
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7. Conclusions

The main objective of this study was to evaluate the effects of wildfires on lake water quality, with
particular focus on pristine lakes at regional and global scale. We used ESA CCl Fire and Lake ECVs
with other global products (i.e., ERA5 precipitation and wind) to assess changes in lake water quality
due to wildfires and the effects across the riverine network to the receptor lake.

We based the analysis on an innovative model/criteria, which defines how lake sub-basins are
connected to each other, allowing a better identification of runoff patterns from burned areas to
lake basins.

We applied four main approaches for this study:

i) Source-pathway-receptor (SPR) model to select lakes most susceptible to fire impacts
ii) Correlation between fire occurrence and water quality on ultra- and oligotrophic lakes
iii) Analysis of Chl-a anomalies in ultra- and oligotrophic lakes

iv) Analysis of PAHs to investigate the impact of wildfires on European lakes

In this report, we first briefly reported the criteria of the SPR approach and then we examined major
results of this methodology. A previous analysis provided a selection of candidate lakes likely affected
by wildfires via riverine inputs. The selected lakes had a high SPI (standardised precipitation index,
>1.5) and a high (>30) ratio of catchment area/lake area. This ratio is indicative of the effective
surface over which terrestrial nutrients are collected by inflowing waters that ultimately reach the
lake. About 20 lakes showed a clear response to a temporal succession of fire occurrence,
precipitations and changes in water quality conditions (chlorophyll-a and/or turbidity).

Considering pristine lakes (in ultra- and oligotrophic status), we analysed the correlation between
fire occurrence and water quality by comparing fire and no fire periods. The objective of this analysis
was to assess whether, for each lake, we could observe a significant difference of average annual
Chl-a in fire-free years preceding an event and in the 1/2 following years. To this aim, we defined a
set of conditions on temporal occurrence of fire to subset the whole dataset of pristine lakes and to
extract lakes with control years (absence of fires). For this subset, and at annual level, we did not
find a significant difference in average Chl-a concentration between pre- and post-fire periods.
However, examining the responses of individual lakes, we observed site-specific responses with
positive (increase), negative (decrease) and null (similar) changes of Chl-a for pre-fire, fire and post-
fire years. It is likely that fire events could impact lake water quality over a time scale shorter than
the year; a more detailed analysis is needed considering shorter temporal scale, such as seasonal,
monthly and weekly frequency. This analysis could be also carried out using approaches specifically
developed for modelling time series trends and time series correlation.

In the third point, we analysed the relationship between daily Chl-a anomaly and the amount of area
burned within the lake catchment for pristine lakes. The main outcome was that less than 10% of
pristine lakes investigated showed an increase in Chl-a concentration after one year from a wildfires
event, while no changes in turbidity were detected.

For the last activity, we examined the concurrence of fires and increases in PAHs in lakes, as a step
to confirm a link between wildfires and water quality changes, either through airborne or fluvial
transport. Although data available were limited, because matches between Lakes_cci and European
lakes reported to WISE for these contaminants were scarce and infrequent, a couple of lakes
demonstrated causal links and perhaps could be demonstrative of what could be achieved with a
more comprehensive monitoring programme. Further work within the Lakes_cci project could
explicitly include more lakes that are subject to high quality monitoring programmes by national
agencies to maximise cross agency opportunities enabling multiple synergies to be capitalised upon.

Pristine lakes are under threat globally, with lakes in remote areas now facing growing threats from
climate change, including the increased incidence of wildfires. In this study we expected to find more
evident responses to wildfires in oligotrophic lakes, due to the input of nutrients released during
wildfires via direct airborne deposition or from runoff. This is because of the numerous studies in
scientific literature documenting increases of primary production in response to wildfires in oceans,
where water nutrients levels are comparable to those in oligotrophic lakes. Moreover, in lakes the
changes of water conditions might be affected by a larger number of variables than in oceans. We
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found a response in Chl-a to fire only in a limited number of oligotrophic lakes probably due to the
complexity of lake ecosystem structure and function. Physico-chemical and biological features of
lakes and their catchment characteristics influence ecosystem primary production responses in the
receptor lake.

Nutrient inputs from wildfires to lakes may have resulted in promoting an increase in phytoplankton
biomass, but the increase in Chl-a concentration might have been limited and not effectively
observable in global EO products, given the already low initial concentrations in the lake. Moreover,
when the fire response analysis considered average values over the whole surface lake, there might
be a chance of failing in capturing the complexity of spatial heterogeneity and to identify local Chl-
a variations.

We also found responses to wildfires for lakes with a higher trophic level (e.g., mesotrophic lakes),
suggesting the opportunity to further investigate responses in these lakes. While the trophic status
of lakes is important for pre-fire conditions, in lakes with higher nutrient values tending to dampen
the effect of fire-mediated inputs, lake responses must be considered in combination with other
factors such as the morphology of the surrounding landscape, lake depth and the ratio
catchment/lake areas. A more comprehensive ecological assessment of the studied lakes would be
favourable (e.g., nutrients). Further work can exploit the Chl-a anomalies approach or the correlation
between fire occurrence and water quality (fire period vs no fire period) to investigate the Chl-a
response in mesotrophic lakes.

The criteria for lakes trophic state classification utilized in this study (OECD, 1982) may have
overestimated the number of lakes above oligotrophic conditions and may be too strict when applied
to satellite measurements of Chl-a in lakes. Higher upper limits or a selection of boundaries between
oligotrophic and mesotrophic conditions, for different lake typologies, may be beneficial and result
in more lakes to be investigated for wildfires effects. Our choice of the OECD classification had the
advantage of being applicable for different lake typologies at global scale.

In conclusion, this study included various approaches for the investigation of the effects of wildfires
on lake water quality and contributed to a better understanding of their potential impacts on lake
ecosystems. Due to the complexity of interactions including vegetation, soil, topography, hydrology,
climate, and atmosphere, effects of burning on lake waters is likely to be highly site specific.
Modelling the relationships between spatio-temporal patterns of burned areas and water quality due
to wildfire impacts in aquatic environment remains a challenge.
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9. Annex 1

The .jpg files of the plots of all 154 lakes produced are into the folder “SPR_154lakes”, attached to
this Report.
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10. Annex 2

The .jpg files of the plots (n=148) of all 74 lakes produced are into the folder
“Chl_anomalies_74lakes”, attached to this Report.
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Figure. On the left maps of Bear Lake (ID_677; upper panel) and Pasfield Lake (ID_782; lowe panel)
with their catchments, with the distribution and the temporal occurrence of the fires (DOY of burned
pixel detection). On the right graphs with Chl-a concentration, total precipitation (tp), and burned
area (BA) for the period investigated for each lake.
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