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Abstract

Clear Lake (Lake County, CA, USA) is hypereutrophic and used for drinking water, tribal use,
and supports a significant fishing economy. The Mendocino Complex (2018), one of the largest
wildfires in California’s post-settlement history, burned 40% of the Clear Lake watershed,
providing a timely opportunity to study the impacts of historical and current wildfires on this
valuable aquatic resource. Using long-term monthly monitoring data from 1968-2019, paired
with historical watershed fire data, we found that for the three largest fire years in the
watershed’s history, three-year post-fire median July-October epilimnetic total phosphorus (TP)
concentrations were below or equal to three years pre-fire TP concentrations. However, both
median TP epilimnetic concentrations and deep water temperature across the lake have increased
since the late 1960s. Long-term TP increases were more strongly correlated with monthly

maximum air temperatures than precipitation, suggesting a potential role of warming-induced
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water column stratification, dissolved oxygen (DO) depletion, and high potential for internal
phosphorus loading. Hypoxic occurrences were correlated with higher hypolimnetic soluble
reactive phosphorus (SRP) and TP concentrations, but additional high-frequency monitoring of
DO will help determine the duration of anoxia and its contribution to internal phosphorus
loading. These long-term data suggest that for this large, hypereutrophic lake, wildfires did not
significantly alter in-lake TP concentrations based on long-term, monthly monitoring and that
other internal or external sources of TP may mask any wildfire effects. Nonetheless, our study
underscores the value of synthesizing decades of water quality, watershed wildfire, and climate
data to build a more comprehensive, nuanced picture of multiple long-term threats to aquatic
ecosystems under global change. Moreover, monitoring and studying fire effects across a wide
range of lake types beyond this study will help promote more effective lake management during

changing climates and increasingly frequent large wildfires.

Keywords: anoxia; climate change; hypereutrophic; monitoring; phosphorus; shallow lake;

wildfires
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Introduction

Recent increases in the size and frequency of large wildfires have been well documented
in the western US (Dennison et al. 2014, Holden et al. 2018). Whereas many studies have
focused on the effects of wildfires on terrestrial ecosystems, human structures, and air quality,
wildfire effects on water quality have been relatively overlooked until recently (Bixby et al.
2015, Williams et al. 2022). Particularly as climate change and growing human populations place
further strain on water resources, it is increasingly important to examine how increasing wildfire
activity may affect water quality in the future.

Past research on wildfire effects on water quality suffers from several limitations,
including a lack of historical context and biases toward certain types of ecosystems and
geographic settings. Due to the unpredictability of wildfires, few studies lack extensive pre-fire
data or consider only a single fire event, making it difficult to contextualize post-fire
observations (Roces-Diaz et al. 2022). Although previous research has shown substantial effects
of wildfires on water quality in rivers and streams (Dahm et al. 2015, Rust et al. 2018), there are
far fewer studies on lakes and reservoirs (hereafter, lakes) (Bixby et al. 2015). Moreover, the
limited lake research has been predominantly conducted in remote, boreal regions (McCullough
et al. 2019) and the focus on low-nutrient, subalpine lakes (Allen et al. 2003, Williamson et al.
2016, Scordo et al. 2021) makes it difficult to predict how lakes in different ecological contexts
might respond to wildfires.

Nonetheless, some general patterns of wildfire effects on water quality have emerged that
can guide future lake-fire research and provide testable hypotheses across a more ecologically
diverse set of lakes, landscapes, and fire regimes. Previous studies have generally found

increased concentrations of nutrients, ions, organic material, and chlorophyll-a, in addition to
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decreases in water clarity, following post-fire increases in erosion and runoff; however, effects
often vary according to time since fire, lake trophic status, and landscape characteristics
(McCullough et al. 2019). For example, short-term decreases in light availability can reduce
phytoplankton growth within the first season following fire regardless of greater nutrient inputs
(Allen et al. 2003, Ranalli 2004). Pre-fire nutrient concentrations matter as well: the eutrophic
Lac Francis, Quebec demonstrated smaller increases in diatom-phosphorus following more
recent fire events (< 200 years ago) compared to older fire events (> 1000 years ago) based on
2000 years of sediment records (Enache and Prairie 2000). Lac Francis is more eutrophic now
than a millennium ago, suggesting that fire-derived nutrient enrichment might not be as
detectable in eutrophic lakes as in oligotrophic or mesotrophic lakes. Additionally, McColl and
Grigal (1977) found that post-fire nutrient uptake by vegetation and cation absorption by acidic
soils negated any potential increases in lake nutrient concentrations in Minnesota lakes. These
heterogeneous, nuanced responses of lakes to fires underscore the urgent need for more lake-fire
research across ecologically diverse settings, particularly within fire-prone landscapes where
humans depend on lakes for drinking water, irrigation, recreation, cultural use, and other

ecosystem services (Smith et al. 2011, Hohner et al. 2019, Rhoades et al. 2019).

Clear Lake, California: a convenient case study

Beginning on July 27, 2018, the record-setting Mendocino Complex Fire burned a
combined 1858 km? across Mendocino, Lake, Colusa, and Glenn counties in northern California.
Consisting of the adjacent Ranch and River fires, the Mendocino Complex was the largest
wildfire complex in post-settlement California history prior to the megafires of 2020 (California

Department of Forestry and Fire Protection 2019, 2021). Ultimately extinguished on November

Page 5 of 41

[Commented [JAB1]: Missing in reference list




138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

7, the fires collectively burned for 72 days, destroying 281 structures and accumulating over
USD 267 million in insured property damages and fire suppression costs (NIFC 2018).

Perhaps overlooked among media headlines, however, was the fact that the fires burned
within approximately a kilometer of the Clear Lake shoreline in addition to 40% of its watershed
(Figure 1a). Originally referred to as (Ha)Ka-ba-tin, or Lupiyoma, meaning “Large or Big
Water” by the local, indigenous Pomo (Mauldin 1960, Clark and Williams 1954), Clear Lake is
the largest naturally formed lake located completely in California. Clear Lake is used for
drinking water, irrigation, and recreation, as well as tribal cultural use and activities, but it is also
a hypereutrophic lake with a history of high total phosphorus (TP) concentrations and
cyanobacterial blooms (Sharp et al. 2021, Richerson et al. 1994, Suchanek et al. 2003; Richerson
et al. 2008). The large extent and proximity of the fires to Clear Lake raised concerns among
residents and water managers about the short- and long-term effects of the Mendocino Complex
on lake water quality and associated ecosystem services.

A notable aspect of Clear Lake’s monitoring program is the availability of long-term
water quality data since the late 1960s. Additionally, statewide fire history records date back to
the 1920s. As large wildfires increase in frequency and size across the western US (Dennison et
al. 2014), combining long-term water quality and fire history data will help contextualize recent
wildfires and provide a long-term perspective on water quality and associated watershed fire
history for Clear Lake. In this study, a novel synthesis of long-term water quality and fire history
data could help place both the Mendocino Complex fire itself and post-Mendocino Complex lake
water quality into an appropriate local historical context of a history of smaller wildfires and

declining water quality. Such context is particularly useful for interpreting short-term water
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quality responses to future fires of varying characteristics in addition to predicting potential long-
term effects on water quality, including expected timelines for ecosystem recovery.

Although increasing fire activity has great potential for negative effects on lake water
quality and other important ecosystem services, it is also important to consider that other aspects
of global change may interact with, exacerbate, or mask fire effects on lakes. In the specific case
of Clear Lake, warming air temperatures, combined with the lake’s hypereutrophic status, have
the potential to increase risks of algal and cyanobacterial blooms, resulting in drinking water
advisories and fish kills. Changing climatic conditions, such as rising water temperatures can
contribute to anoxia and hypolimnetic oxygen depletion, driving internal phosphorus loading and
altering stratification dynamics (Woolway et al. 2021). Furthermore, longer periods of warm
droughts interspersed with extreme precipitation events may rapidly increase nutrient and
sediment influxes (Woolway et al. 2020; Mishra et al. 2021), particularly following watershed
fires that destabilize soils and increase erosion (Lundquist and Smythe 2010; Ranalli 2004;
Hohner et al. 2019). Therefore, there is a need to investigate the impacts of both wildfires and
climate variability on nutrient concentrations in Clear Lake, given that both have the potential to
worsen already hypereutrophic conditions and further increase risks of algal blooms. Such efforts
are essential for more informed short- and long-term lake management responses under ongoing

global change.

In this study, we combined publicly available long-term water quality, wildfire, and
climate data to answer the following questions: 1) What is the historical extent and frequency of
fire activity in the Clear Lake watershed? 2) For the three largest wildfire years in recent history,
how do post-fire TP concentrations compare to pre-fire concentrations in Clear Lake? 3) How

are long-term TP concentrations in Clear Lake affected by variability in climate and dissolved
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oxygen concentrations? Collectively, these questions will allow us to contextualize the
Mendocino Complex with respect to watershed fire history, interpret post-fire Clear Lake water
quality in response to the Mendocino Complex and other watershed fires in the historical record,
and examine other potential long-term drivers of hypereutrophic conditions in Clear Lake that
may be exacerbated by ongoing climate change. Moreover, we help address limitations of
previous research on wildfire effects on freshwater ecosystems by conducting long-term research
in an understudied region and type of ecosystem (i.e., Mediterranean climate, hypereutrophic
lake). Through this investigation, we aim to provide guidance to lake managers and researchers
when considering the potential impacts of wildfires, climate change, or both on lake water

quality and other lake ecosystem services.

Methods
Study Site: Clear Lake, California

Clear Lake is located (39.07°N, 122.83°W) in the Central Mountain Range in Lake
County, California at an approximate elevation of 400 m at the lake surface. Clear Lake is the
largest naturally formed, freshwater lake located entirely within California. The lake is estimated
to be the oldest North American lake at 2.5 million years old, with subsequent geologic and
volcanic activity contributing to the lake’s current three-basin configuration (Upper Arm, Lower
Arm, and Oaks Arm; Figure 1a) (Horne 1975, Thompson et al. 2013). Clear Lake serves as the
primary drinking water source for a population of about 40,000, the majority of which are
economically disadvantaged and tribal communities (CDWR 2021). At full capacity, Clear Lake
has a surface area of 177 km?, a shoreline length of 160 km, and a total volume of 1.4 x 10° m?

(Feyrer et al. 2020). The Upper Arm comprises about 70% of the lake’s surface area and receives
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approximately 90% of the contributing runoff from the watershed (Rueda et al. 2005). The lake
is fairly shallow with a mean depth of 8 m, but the deepest point is located at the Oaks Arm
sample station at 17 m. The other two sampling stations are located at the deepest points in the
Upper Arm (7 m) and Lower Arm (12 m).

The Clear Lake watershed covers 968.5 km? and reaches a maximum elevation of 1466 m
in the northeastern portion (Gesch et al. 2018; Appendix S1: Figure S1). Watershed land cover is
predominantly a mixture of forest (28.2%), shrubbery (43.9%), and herbaceous vegetation
(13.8%) with some agriculture at lower elevations north and south of the Upper Arm (2.6%)
(Yang et al. 2018; Appendix S1: Figure S2). The southern portion of Mendocino National Forest
extends into northern areas of the watershed. Developed land (9.8%) is primarily located near the
lake shoreline. Wetlands are limited to 1.4% of the watershed, mostly north of the Upper Arm
(Yang et al. 2018; Appendix S1: Figure S2).

The watershed has lost over 85% of its natural wetlands, which has contributed to
hypereutrophication, particularly during the summer and fall months, and to the high frequency
and duration of toxic cyanobacterial blooms (Richerson et al. 2008). Clear Lake is a polymictic
lake, with the potential for high rates of internal nutrient loading in the warm summer and fall
months. Based on sediment cores, the lake is historically eutrophic due to volcanic, P-rich parent
material (Richerson et al. 2008). External nutrient loading has occurred mostly due to
anthropogenic activities, starting with grazing and logging, and including a long history of
mining (Richerson et al 2008, Suchanek et al. 2008). Clear Lake is fed by several intermittent
streams, which are typically dry in the summer and fall months and inundated from seasonal
rains during winter and spring, as typical in a temperate, Mediterranean climate. Based on the

1981-2010 normals, average water-year (Oct-Sep) precipitation is 835.8 mm (PRISM Climate
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Group 2004). The average maximum and minimum air temperatures are 22.5°C and 5.2°C,
respectively, based on the same period. Summers (Jun-Aug) are typically hot (average maximum
temperature = 32.4°C), whereas winters (Dec-Feb) are considerably cooler (average minimum
temperature = 0.6°C). Snowmelt contribution is negligible as average snow per year within the
basin is <1” (LCWPD 2006). The vast majority of annual precipitation falls between November

and March (84%) (PRISM Climate Group 2004).

Fire data and analysis

We quantified Clear Lake watershed fire history using fire perimeter polygons from CAL
FIRE from 1923 to 2020 (California Department of Forestry and Fire Protection 2021). This
dataset contains forest fires > 10 acres (4 ha), brush fires > 30 acres (12 ha), and grass fires > 300
acres (120 ha). We obtained a watershed polygon from the LAGOS-US LOCUS v 1.0 database
(Cheruvelil et al. 2021; Smith et al. 2021). We quantified the watershed proportion burned for
both wildfires and prescribed burns using GIS tools in the R raster (Hijmans 2019) and rgeos
packages (Bivand and Rundel 2019); however, we ultimately focused on wildfires alone because
they accounted for > 99% of the watershed area burned over time. From the long-term wildfire
dataset, we identified 1981, 1996, and 2018 (Figure 1a, b) as the years with the greatest
watershed proportion burned for our analysis of post-fire TP.

Whereas CAL FIRE polygons represent total area burned, another important
consideration is burn severity. Fire effects on stream water quality have been shown to increase
with burn severity (Rhoades et al. 2011; Rust et al. 2018); however, few studies have specifically
examined burn severity impacts on lakes (McCullough et al. 2019). We obtained burn severity

data from 1984-2018 for the Clear Lake watershed based on satellite-derived Monitoring Trends
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in Burn Severity data (Eidenshink et al. 2007; Appendix 1: Figure S3). Traditionally, burn
severity is binned into three categories of low-, moderate-, and high-severity based on vegetation
mortality (low: < 20%, moderate: 20-70%, high: > 70%). Watershed proportions burned at low-,
moderate-, and high-severity were all strongly correlated with total watershed proportions burned
from 1984-2018 (Spearman’s rho = 0.98-99, p < 0.05). Therefore, we opted to focus on total
watershed proportion burned owing to these strong correlations, and the fact that burn severity

data were unavailable prior to 1984.

Water quality monitoring data and analysis
Regular water quality monitoring has been conducted on Clear Lake as part of the
California Department of Water Resources (CDWR) State Water Project

(http://wdl.water.ca.gov/) in collaboration with the Lake County Watershed Protection District.

Monthly water quality monitoring has been conducted at three sites (Upper Arm, Lower Arm,
and Oaks Arm), except rarely in November and February for over 50 years (1968-2019; Figure
1a). Our four primary limnological variables of interest over this period were TP, water
temperature, soluble reactive phosphorus (SRP), and dissolved oxygen (DO). TP and SRP water
column samples were collected using a Van Dorn style 2.2 L sampler at the surface (0.5 m and 3
m) and 1 meter above the maximum depth of each site, which varied depending on season and
lake level. Samples were stored on ice and transported or shipped to either CDWR's Bryte
Laboratory in Sacramento, CA, or an outside state-approved laboratory, filtered for dissolved
species, (SRP, <0.45 micron) and analyzed following methods described by CDWR (2002).
Profile data for DO and water temperature were also collected at 1-meter intervals using a

handheld meter and sonde. Sampling equipment changed over time, but the most recent profile
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instrument used was a YSI Professional Plus handheld meter and EXO2 multiparameter sonde
(Yellow Springs Instruments, Yellow Springs, OH). Additional information on the methods and
sampling equipment used can be found in the California DWR Water Data Library

(https://wdl.water.ca.gov/Map.aspx).

We used median July-October TP data to capture the late summer and fall period that
contains long-term annual peak in TP and coincides with periods where external inputs were
minimal as described in other studies (Niirnberg et al. 2013). Due to the zero-inflated nature of
historical wildfire data (i.e., many years with little or no fire), we analyzed TP three years before
and after the three years with the greatest proportion watershed burned (1981, 1996, and 2018),
consistent with past studies (Ranalli 2004). Although post-fire TP data following the Mendocino
Complex were missing for 2020 owing to COVID-19 state sampling/boating restrictions, we
managed to incorporate two observations from each site during both July and August 2021.

We focused on the > 50 year TP and water temperature record for our long-term analyses
of Clear Lake water quality trends. To account for limitations of ordinary least squares
regression for time series data (i.e., distributional assumptions, outlier sensitivity), we used non-
parametric Thiel-Sen slopes (represents median of all pairwise differences between annual
timesteps) to detect the estimated annual rate of change in July-October median TP, median
surface water temperature, and median deep water temperature and tested for significance with
Kendall’s p-value using the zyp.trend.vector function in the zyp R package (Bronaugh and
Werner 2019). We did not investigate or include nitrogen (N) in this study due to data gaps and
previous research has demonstrated that Clear Lake is primarily a P-limited system with low N:P
water column ratios (Horne 1975, Richerson et al. 1994, Richerson et al. 2008). Additionally,

excess phosphorus has led to the majority of cyanobacterial blooms in Clear Lake and is the
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focus of the current sediment and nutrient total maximum daily load (TMDL) plan (Suchanek et
al. 2003, Tetra Tech 2004). Current research is ongoing in Clear Lake to collect additional
nitrogen data to test for N limitation.

For the long-term DO time series analysis, we calculated annual July-October median
DO concentrations at the lake surface and bottom from water column profiles from 1968-2019 to
coincide with TP and SRP data. The sampling frequency varied over the study period ranging
from as frequent as weekly profiles at the beginning of the time series to monthly or bi-monthly
profiles in the latter part of the study period. We also analyzed long-term TP and SRP data in
relation to DO to determine if anoxic events were correlated with higher concentrations of TP
and SRP in the hypolimnion of each site. Spearman’s rho correlation coefficients were used to
compare the relationship between the minimum DO and TP or SRP concentrations at the
maximum depth of each site to identify if internal loading could be a potential contributor to
long-term TP trends. Additionally, the number of times when the DO concentration from each
profile was hypoxic (DO <2 mg/L) or anoxic (DO <1 mg/L) (Niirnberg 1995, Orihel et al. 2017)
was counted and summarized as a percent of the total number of samples per decade to account
for inconsistencies in sampling effort among years and decades. The percent of the total number
of DO readings that was hypoxic or anoxic was also calculated for each site across the full study
period (1968-2019). A threshold of 2 mg/L was chosen as an intermediate estimate of hypoxic
conditions and corresponds with recent work that found SRP fluxes from lake sediments rapidly

increased when DO concentrations were <1.5 mg/L (Osaka et al. 2022).

Climate data and analysis
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We used 4 km PRISM climate data (PRISM Climate Group 2004) to provide a
continuous, consistent climate data source rather than piecing together data from various weather
stations and locations available for different periods of our water quality data record. We found,
however, that PRISM precipitation data were highly correlated with precipitation measured at
the nearby Kelseyville (available 1998 to present; 39.00°N, 122.51°W) and Lakeport (available
through 2001; 39.03°N, 122.92°W) weather stations (Pearson’s r > 0.90). Another Lakeport
station (Lakeport 2.5; 39.07°N, 122.92°W) has precipitation data starting in 2009, but no air
temperature data. Although air temperature data were unavailable at the Kelseyville station,
Pearson correlations between PRISM and Lakeport observations were > 0.95 for both minimum
and maximum temperatures. These strong correlations provided sufficient confidence for using
PRISM data to examine climate-TP relationships. We downloaded monthly total precipitation
and mean minimum and mean maximum air temperature grids from the lake center (39.07°N,
122.83°W) for 1965 through 2019 and used these to calculate seasonal climate variables.
Seasonal time periods were chosen to reflect the locally wet months (November-March), spring
(Apr-Jun), and the warm and dry season from mid- to late-summer that is particularly prone to
wildfires (July-October). We used Spearman’s correlation coefficients to compare these seasonal
climate variables with the median July-October TP data to examine climatic predictors of annual
mid- to late-summer TP peaks. Similar to the fire analysis described above, we used Spearman’s
correlations to account for non-normality in the TP data (climate data were approximately
normally distributed). All analyses were conducted in R (version 4.0.3). Data and R scripts are

available on Zenodo from DePalma-Dow et al. (2022).

Results
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Watershed fire history

From 1923-2020, there were relatively frequent fire events in the watershed, including
112 wildfires. Wildfires were most frequent from approximately 1945-1967, with only 7 years
experiencing no wildfires. From 1923-1967, there were 23 years without wildfire in the
watershed, whereas there were 29 such years from 1968-2020. Despite the high frequency of
fires, even in years with multiple fire events, the proportion of the watershed that burned was
relatively low in most years (Figure 2). The three years with the greatest proportion burned were
1981 (0.12; 114.76 km?), 1996 (0.07; 66.91 km?), and 2018 (0.40; 384.72 km?). The 1981 fire
year consisted of four wildfires (Cow Mountain, Hunter, Sulphur Bank, and School Teacher Hill
fires) that ignited in August and September, and the 1996 fire year consisted of a single wildfire
(Fork fire) that ignited in August (Figure 1b). The Mendocino Complex in 2018 led to the
highest proportion of the watershed burned with high-severity fire (0.08) since 1984 (Appendix
S1: Figure S3), whereas all other years since 1984 were below 0.02. Therefore, the 2018
Mendocino Complex Fire appears to be locally anomalous in the Clear Lake watershed in terms
of watershed proportion burned in the last approximately 100 years and in terms of burn severity

since the mid-1980s.

Fire and lake water quality

Post-fire surface TP concentrations were generally consistent with pre-fire data in Clear
Lake with no spikes in TP after the 1981 and 1996 fire events (Table 1, Figure 3). Specifically,
median July-October TP concentration in the three years following the 1981 and 1996 fires was
below or equal to median July-October TP in the three preceding years across all sites.

Maximum July-October TP (0.42 mg/L) at the Upper Arm exceeded all other observations at
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respective sites over the three years preceding the fire in September 1981, likely while the
wildfires were still active (no containment nor extinguishing dates were available). There was a
similar peak in July 1996 at the Lower Arm (0.97 mg/L), but this was before that year’s fire
began.

Moreover, we did not detect substantial increases in surface TP following the 2018
Mendocino Complex compared to the three previous years. Due to state and local COVID-19
boating restrictions during 2020, the only July-October post-fire TP data available were collected
in August 2019 and July and August 2021. At both the Upper and Lower Arms, median pre-fire
TP (n = 11) was greater than median post-fire TP (n = 3): 0.64 vs. 0.34 mg/L and 0.38 vs. 0.20
mg/L, respectively (Figure 3). Whereas no post-fire TP concentrations exceeded the pre-fire
median at the Upper Arm, one post-fire TP observation at the Lower Arm in August 2021 (0.44
mg/L) exceeded the pre-fire median, but this was still within the pre-fire interquartile range. In
contrast, at the Oaks Arm, median post-fire TP (n = 3) exceeded pre-fire TP (n = 11) (0.55 vs. 0.
46 mg/L), although this was still within the pre-fire interquartile range (Figure 3). Therefore,
although post-fire TP data were relatively limited, post-fire concentrations were consistently

within the range of pre-fire concentrations up to three years post-fire.

Long-term total phosphorus and water temperature trends

From 1968-2021, July-October TP increased significantly (p < 0.05) at all sites, with the
majority of annual increases occurring between the late-1980s - 2016 (Figure 4). Annual rates of
increase (Thiel-Sen slope estimates) were 5.0, 3.0, and 4.0 ug/L at the Upper, Lower, and Oaks
Arms, respectively (Kendall’s p-values = 0.03, 0.05, and 0.02, respectively; Figure 4). From

1968-2019, surface water temperature increased marginally in the Upper Arm (p = 0.07) but did
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not increase significantly in the Oaks and Lower Arms (p > 0.05; Figure 5). The annual rate of

increase in surface water temperature (Thiel-Sen slope estimates) in the Upper Arm was 0.03°C
(Figure 5). Deep water temperatures increased significantly in all arms over the 1968-2019 time
period with Thiel-Sen slope estimate values of 0.06, 0.05, and 0.05°C at the Upper, Lower, and

Oaks Arms, respectively (All Kendall’s p-values < 0.001; Appendix S1: Figure S8).

Long-term dissolved oxygen and relationships with TP

Over the 50-yr study period, long-term DO concentrations at the surface and bottom of
Clear Lake remained fairly constant (Figure 6). Median surface July-October DO concentrations
across the three sites ranged from 5.2-15.2 mg/L with a median of 9.2 mg/L, while bottom-water
concentrations ranged from 0-7.4 mg/L with a median of 3.6 mg/L. Surface DO concentrations
trended down in the Lower and Oaks Arms at the beginning of the study period, but then leveled
off. There were periods of hypoxia and anoxia in the bottom-water samples at all three sites
throughout the study, primarily in the summer and fall months (July-October). However, there
was no noticeable trend in median DO concentrations at the lake bottom across the study period.
Uneven sampling across months and years precluded robust analysis of any long-term trends.
The percent of the DO samples that were hypoxic or anoxic was fairly consistent across all three
sites, ranging from 15-48% for anoxia and 0-18% for hypoxia, but the Lower and Oaks Arms
generally had higher percent anoxia (48% and 30%, respectively) than the Upper Arm (21%),
particularly in the first three years of the study period (Table 2). The prevalence of anoxia
fluctuated across the decades but generally declined over time in the Lower and Oaks Arms
while the Upper Arm remained constant and had the highest percent of anoxic samples for the

full time period (28%). At all sites, the percent hypoxic was consistently less than the percent
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anoxic and stayed fairly constant over time in the Upper Arm, but decreased in the Oaks and
Lower Arms.

The comparison of bottom-water hypoxia (DO concentrations <2 mg/L) and July-
October median SRP concentrations revealed a negative correlation between DO concentration
and SRP concentration at all three sites (Figure 7). The negative relationship was strongest in the
Upper Arm (Spearman’s rho = -0.44, p < 0.05), followed by the Oaks Arm (Spearman’s rtho = -
0.40, p < 0.05), and not significant in the Lower Arm (Spearman’s rho = -0.04, p = 0.77). Across
all three sites, the strength of the SRP and DO correlations followed the same order as the long-
term TP trends with the Upper Arm showing the greatest increase in TP and strongest negative
correlation. However, there was also significant variability in the relationship between SRP and
DO because high SRP concentrations were observed across a range of minimum DO
concentrations, particularly in the Lower Arm (Figure 7). Correlations between TP and DO were
similar to SRP, but overall trends were weaker except in the Upper Arm (Spearman’s rho = -

0.48, p <0.05; Appendix S1: Figure S9).

Long-term relationships between TP and climate variability

There were stronger negative relationships between precipitation and July-October TP,
while maximum and minimum air temperature were generally weaker and not significantly
related to TP. Precipitation across all seasons and sites was negatively correlated with median
July-October TP, but correlations were the most negative and significant during November-
March (Spearman’s rho = -0.30 to -0.34; p < 0.05) across all sites (Table 3). Precipitation during
July-October was also significantly negatively correlated with median July-October TP

(Spearman’s rho = 0.28, p < 0.05) at the Oaks Arm. Overall, precipitation during the previous
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fall and winter (November-March) was negatively correlated with July-October TP and
explained more variability in TP than the maximum or minimum air temperature variables. In
general, average maximum air temperature was not correlated with median July-October TP
(Spearman’s tho =0.14 — 0.26, p > 0.05) with the exception of July-October maximum
temperature correlated with TP in the Oaks Arm (Spearman’s rho = 0.28, p < 0.05). Correlations
between median July-October TP and average maximum air temperatures from November-
March were positive, but overall weaker (p < 0.10), suggesting possible minor lagged effects.
Average minimum air temperatures across other seasons were not significantly correlated with
median July-October TP. Climate-TP relationships across all seasons in all three sites can be

found in the supplementary material (Appendix S1: Figures S5, S6, S7)

Discussion
Interpreting short- and long-term effects of wildfires on Clear Lake water quality: the
importance of historical and ecological context

Despite the size and proximity of the very large Mendocino Complex to Clear Lake (40%
watershed burned 1 km from shoreline), we did not find considerable changes in TP when
comparing concentrations up to three years pre- and post-fire. Similarly, we observed no changes
in TP in response to smaller fire events in 1981 and 1996 (12 and 7% watershed burned,
respectively) when comparing TP concentrations three years pre- and post-fire (Figure 3).
Therefore, our results suggest that relatively small future watershed fires may not lead to major
changes in Clear Lake TP concentrations. We could not have discerned this without the benefit
of long-term water quality and fire history data. Moreover, the lack of immediate effects of the

Mendocino Complex on Clear Lake TP suggests that large watershed fires may also not affect
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TP concentrations, but this does not preclude any potential immediate changes in TP missed by
the monthly sampling frequency or absence of sampling in 2020 due to the COVID-19
pandemic, changes in other nutrients such as nitrogen and carbon species, or potential further
lagged effects in future years.

The lack of post-fire TP increases in Clear Lake may primarily be due to the unique lake
morphometry and pre-fire hypereutrophic status of this lake. A study of boreal Alaskan lakes
found that nutrient concentrations in shallow, eutrophic lakes as small as 0.5 km? may not be
sensitive to wildfires up to 2 years post-fire due to large pre-fire nutrient pools (Lewis et al.
2014). Lathrop (1994) found that larger lakes are more well-suited to diluting fire effects, even in
cases where 25% of the watershed area was burned, and increases from post-fire runoff might be
harder to detect. Clear Lake’s large size and hypereutrophic status may mask fire-induced water
quality changes despite the recently unprecedented extent of the Mendocino Complex in the
watershed. Similarly, such factors may also preclude water quality responses to multiple, smaller
wildfires (e.g., 4 wildfires in late summer and fall 1981). Importantly, however, we emphasize
that the lack of observed post-fire water quality changes in Clear Lake does not necessarily
indicate that other lakes will also not experience wildfire impacts. In particular, less productive
lakes may be more sensitive to wildfires than Clear Lake (Enache and Prairie 2000; Williamson
et al. 2016). Clearly, ecological context is important, which reinforces the fact that additional
studies across a diversity of lakes, landscapes, and fire regimes are necessary to provide more
complete and nuanced information when researching or managing impacts of wildfires on lake

water quality.

Drivers of long-term total phosphorus concentrations in Clear Lake
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Long-term records in Clear Lake allowed us to examine potential climate change effects
on TP concentrations that may ultimately be stronger drivers of TP than sporadic, large wildfires.
Greater precipitation is commonly expected to increase nutrient concentrations in lakes due to
runoff (Hrycik et al. 2021; Mishra et al. 2021), and post-fire runoff has routinely been shown to
contain higher concentrations of nutrients (Ranalli 2004). Interestingly, we found significant
negative correlations (p < 0.05) between median July-October TP and previous November-
March precipitation (when the majority of precipitation falls in Mediterranean climates).
Furthermore, maximum air temperatures were weakly positively correlated with median July-
October TP at the Oaks Arm in the other two sites over the same time period. More generally,
maximum air temperature was consistently positively correlated, whereas precipitation was
consistently negatively correlated with median July-October TP across all sites and seasons,
although sometimes insignificantly. These results suggest that warm, dry conditions are
associated with high summer and fall TP concentrations in Clear Lake. This contradicts the long-
standing presumption that spring runoff following higher rainfall winters drives increased
external sediment and nutrient loading and consequently eutrophication.

Mediterranean-climate lakes such as Clear Lake experience hot and dry summers that
feature minimal external inputs, which therefore suggests a potential role of climate warming-
driven nutrient resuspension in shaping the long-term TP increase. In other shallow,
Mediterranean-climate lakes, phosphorus retention capacity in the sediments has decreased under
a warming climate (Ozen et al. 2010). Past research has identified that from fall to spring the
water column losses coinciding with sediment gains in P indicate the role of both internal and
external loading, but during drought years, when external sources are limited, P cycling between

sediments and water column increased two-fold (Richerson et al. 1994). In shallow, polymictic
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lakes that undergo aerated surface exchange, hypoxic indicators may be underestimating the
extent of P release from the sediment, particularly in nutrient-rich environments (Niirnberg et al.
2013). Compounding this concept, more frequent wind mixing in shallow lakes may entrain
hypolimnetic phosphorus up to the epilimnion, contributing to high TP concentrations at the lake
surface (Welch & Cooke 1995).

Lake surface water temperature trends indicate that many lakes are warming at the global
scale (Pilla et al. 2020, O’Reilly et al. 2015) and Clear Lake is no exception. Specifically, since
around 1980, Clear Lake surface water temperatures visually and statistically started steadily
increasing, while trends were decreasing at the beginning of the sampling period (Figure 5,
Appendix S1: Figure S8). These warming trends post-1980 may indicate some local or regional
alteration or, more likely, coincide with the global temperature regime shift (Reid et al. 2016)
that occurred within the same decade and should be explored in detail in future research efforts.
Warming surface waters can also intensify the strength and duration of water column
stratification, reducing hypolimnetic DO concentrations and increasing internal loading, which
can exacerbate eutrophication when water column mixing and hypolimnetic entrainment
eventually occur (Jankowski et al. 2006, Jane et al. 2021, Woolway et al. 2020). Interestingly,
deep water temperatures also increased in Clear Lake over the study period, lending more
probability to the influence of internal loading on TP concentrations due to lower solubility of
DO in warmer water. Taken together, these phenomena suggest that ongoing climatic shifts
toward more frequent, longer periods of droughts, combined with warm air and water
temperatures, while also more conducive to wildfires, promote lake conditions that may lead to

higher internal loading of TP.
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Whereas TP has increased over the 50-year study period, DO has generally not changed
at the lake surface or bottom over this period. Additionally, the frequency of hypoxic and anoxic
events in Clear Lake did not vary significantly over the 50-year period, but sampling
inconsistencies and reduced sampling frequency in recent years complicate drawing conclusions
about changes in the duration of anoxia. Nonetheless, we found some evidence of internal
nutrient loading occurring in Clear Lake with some of the highest SRP and TP concentrations
occurring at low DO concentrations (Figure 6, Appendix S1: Figure S9). Internal P loading
associated with low DO has been well documented in many other shallow, eutrophic lakes
(Welch and Cooke 1995, Sendergaard et al. 2003, Sendergaard et al. 2013) and is the focus of
current research at Clear Lake. Particularly in baseline eutrophic lakes further enriched through
cultural eutrophication, once the feedback loop of internal loading begins it can be hard to
reverse (Géchter and Wehrli 1998) and can contribute to delayed external load abatement
response (Niirnberg et al. 2013). Therefore, future research in Clear Lake should address full-
ecosystem nutrient budgets, internal and external sediment loading, and DO dynamics in
response to variable environmental conditions, particularly increasing air and water temperatures
and associated shifting lake levels, which are expected for the region with extreme drought-flood
cycles (Mishra et al 2021). Such modeling efforts would help determine the volume of the lake
that may go hypoxic or anoxic during the summer and to what extent that volume has changed
over the study period. Furthermore, these studies would help evaluate the potential ecosystem
impacts of reducing external nutrient inputs (Schindler 2012, Paerl et al. 2016), a common
management objective, versus measures focused on reducing internal loading (e.g., sediment
removal, oxygenation of the water column, and intentional mixing to prevent persistent periods

of anoxia; Bormans et al. 2016, Kiani et al. 2020).
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The long-term increases in July-October TP in Clear Lake may be linked with other water
quality indicators and have implications for phytoplankton biomass and water transparency.
Total suspended solids (TSS) and chlorophyll a (ChlA) data were collected beginning in 2004
and 2007, but no significant changes were observed for either variable over the short-term

period. Both ChlA and TSS were significantly positively correlated with TP in all arms lon an

annual basis

, (Spearman’s correlations for ChlA: 0.5-0.65 and TSS: 0.52-0.69; all p < 0.05) but Commented [JAB2]: lan double check? See comment
below

the lack of long-term data precluded further analysis in response to wildfires and climate change
impacts. Although these short-term associations potentially indicate ecologically important
interactions among TP, TSS, and primary productivity, further long-term research is required to
disentangle the extent to which wildfires and climate influence these ecosystem properties and
expected interactions. This is particularly important to identify direct influences of TP on
potential harmful algal blooms (HABs) and bloom impacts (e.g., hypoxia or anoxia) in Clear
Lake. Additional research, combining all short and long-term monitoring, along with information
provided by enhanced internal loading studies or lab core-incubation studies, would provide

more relevant guidance for future research and management of eutrophication drivers in Clear

Lake.
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The complex history of fire in the Clear Lake watershed and the western US

The history of wildfire in the Clear Lake watershed in many ways represents a
microcosm of the complex, coupled human-natural history of fire in the western US. Prior to
large-scale Euro-American settlement (~1850-1900), the combination of mixed-conifer forests at
high elevations and shrub vegetation at lower elevations likely produced (and reinforced)
variable fire regimes throughout the large Clear Lake watershed. Specifically, estimated mean
fire return intervals ranged from 11-55 years throughout the watershed, likely resulting in a
heterogeneous patchwork of vegetation composition, vegetation structure, and soil properties
(Safford and Van de Water 2012). Throughout the 20th century, however, mean fire return

intervals lengthened as much as 90% in forested areas of the watershed (Appendix S1: Fig S10).
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Such shifts are likely due to the same fire exclusion practices that resulted in widespread forest
densification, homogenization (i.e., shifts toward more abundant and larger patches of less fire-
adapted species), and fuel accumulation throughout the western US (Hessburg et al. 2015). In
other words, land and fire management practices have produced a landscape template that,
compounded by climate change, is more prone to larger and more frequent wildfires, including
particularly damaging wildfires such as the Mendocino Complex (Westerling et al. 2006,
Dennison et al. 2014). Accordingly, densely forested watersheds that have not recently
experienced extensive fires may be accumulating a “fire deficit” and be vulnerable to large,
higher-severity fires in the future, particularly under continued climate change (Parks et al.
2015). Although the last approximate 100 years of fire history in the Clear Lake watershed were
dominated by relatively small wildfires, the trajectory of increasing fire frequency and the
currently anomalous Mendocino Complex may represent a harbinger of future watershed
conditions as wildfire activity continues to increase across the western US owing to the “perfect
storm” combination of climate change and the legacy of land and fire management.

Although climate change and historical land and fire management practices amplify
current and future fire risk in the western US, recent and ongoing human activities also play a
major role in increasing exposure of lakes to wildfire. Human-caused ignitions accounted for
84% of wildfire events and 44% of wildfire area burned from 1992-2012 throughout the
conterminous US (Balch et al. 2017). Increasing wildfire frequency in the wildland-urban
interface (WUI) has been partly attributed to increasing human populations in these fire-prone
locations (Radeloff et al. 2018). Such increases have likely contributed to the over 6,000 lake
watersheds experiencing wildfire throughout the conterminous US since 1984, including regions

outside the western US (e.g., Florida, Southern Great Plains; McCullough et al. 2019). In the
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case of Clear Lake, mean fire return intervals are as much as 76% shorter in shrublands since
1850 (Appendix S1: Fig S10; Safford and Van de Water 2012), which may be partly due to
expanding human activities in the WUI. In California more broadly, increasing wildfire activity,
expansion of the WUI, and a growing population (increased from 10 to 40 million since 1950;
PPIC 2020) underscore not only the socio-ecological complexity of wildfire issues, but also the
growing need to investigate the impacts of wildfire on important aquatic resources such as Clear

Lake.

Conclusion: A burning need for long-term monitoring data and synthesis of lake-fire research
The ability to incorporate long-term lake water quality data into this study to provide
context for understanding the impacts of wildfires was invaluable. As climate change and large
fires increase, the need for consistent and dependable water quality monitoring should be a
standard requirement for any lake management team, especially for those trying to identify
specific wildfire impacts and charged with planning and executing an effective response. This is
especially true as climate change is strongly contributing to extreme droughts, floods, and
wildfire events that impact water quality conditions in unpredictable ways (Mishra et al. 2021).
A lack of pre- and post-fire monitoring data makes it difficult to identify and contextualize both
climatic and wildfire-associated impacts on water quality, further solidifying that consistently
collected, long-term data are especially useful for teasing out direct wildfire impacts on water
quality vs. those associated with other drivers, such as climate variability. Although our reliance
on monthly long-term data may have obscured possible immediate TP responses to wildfires, the
highly seasonal runoff patterns in Mediterranean-climate landscapes suggest that targeted,

seasonal sampling in the future could help detect potential TP spikes as a result of wildfires.
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To build a more comprehensive understanding of the effects of fire on physical,
chemical, and biological properties of lakes, broad-scale studies across a diversity of lakes,
landscapes, climates, and fire regimes (i.e., variability in fire extent, frequency, and burn
severity) are needed. The fact that most existing lake-fire studies were conducted in boreal
regions, had only 1-3 years of post-fire water quality data, and often lacked pre-fire water quality
data entirely (i.e., relying on nearby reference lakes in unburned watersheds) makes it difficult to
predict longer-term responses of lakes to fires, particularly for large, hypereutrophic,
Mediterranean-climate lakes such as Clear Lake. Continued development of large, public
databases of water quality observations (e.g., LAGOS: Soranno et al. 2017; National Lakes
Assessment: Pollard et al. 2018) and remotely sensed water quality (e.g., AquaSat: Ross et al.
2019), and fires (e.g., Monitoring Trends in Burn Severity; Eidenshink et al. 2007) offer
emerging opportunities for amassing the necessary data for broad-scale lake-fire studies within
the conterminous US. Further, it is necessary to integrate broad-scale observational studies with
local- to landscape-scale case studies that can help identify mechanisms of fire effects (or lack of
effects) on lake water quality. For example, Scordo et al. (2021) showed that wildfire smoke,
which ranges more widely than watershed burned areas, can reduce light availability and
consequently lake temperatures and primary productivity. Understanding the mechanisms by
which smoke alters lake ecosystems is useful for anticipating future effects of fires on lakes, but
this would not be possible with broad-scale, retrospective studies alone that only consider area
burned and/or burn severity. While lake-fire management frameworks may not yet exist to
facilitate the synthesis of such various studies, lake managers implementing routine or post-fire
response monitoring should be encouraged to share their experiences and data with other

researchers and agencies to support synthesis of knowledge and research. Such open science
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research applications will help managers anticipate and respond to the effects of future climate
change and increasing fire activity on lakes, improve the design of water resource management
plans considering fire and climate adaptations, communicate needs to drinking water system

managers, and allocate limited resources more efficiently and effectively.
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Table 1. Pre- and post-fire July-October total phosphorus (mg/L) data in Clear Lake for 1981,
1996, and 2018 fire years. Bolded row indicates fire year. No Data for 2020 due to boating

restrictions.
193:::” Upper Lower Oaks
Min Median Max Min Median Max Min Median Max
1978 0.03 0.12 0.16 0.02 0.05 0.07 0.02 0.07 0.10
1979 0.04 0.16 0.17 0.03 0.05 0.06 0.02 0.09 0.13
1980 0.02 0.10 0.15 0.02 0.03 0.03 0.02 0.04 0.15
1981 0.03 0.09 0.42 0.03 0.06 0.08 0.03 0.08 0.34
1982 0.03 0.07 0.31 0.04 0.04 0.12 0.02 0.06 0.16
1983 0.03 0.11 0.15 0.02 0.04 0.06 0.03 0.05 0.07
1984 0.10 0.12 0.26 0.03 0.05 0.13 0.02 0.06 0.17
19;:aizre Upper Lower Oaks
Min Median Max Min Median Max Min Median Max
1993 0.12 0.22 0.30 0.14 0.23 0.24 0.18 0.21 0.24
1994 0.19 0.46 0.62 0.08 0.20 0.26 0.28 0.35 0.44
1995 0.12 0.35 0.41 0.08 0.11 0.12 0.08 0.20 0.31
1996 0.13 0.32 0.44 0.10 0.13 0.97 0.16 0.22 0.23
1997 0.07 0.33 0.44 0.10 0.20 0.41 0.20 0.24 0.39
1998 0.10 0.12 0.22 0.03 0.06 0.08 0.04 0.09 0.20
1999 0.07 0.13 0.15 0.02 0.04 0.10 0.05 0.12 0.12
2018 fire
year Upper Lower QOaks
Min Median Max Min  Median Max Min Median Max
2015 0.64 0.73 0.79 0.38 0.42 0.52 0.59 0.65 0.70
2016 0.49 0.76 1.04 0.38 0.53 0.65 0.40 0.62 0.78
2017 0.24 0.30 0.45 0.18 0.25 0.29 0.17 0.28 0.39
2018 0.22 0.47 0.56 0.14 0.27 0.34 0.16 0.38 0.48
2019* 0.34 0.34 0.34 0.13 0.13 0.13 0.19 0.19 0.19
2021%* 0.28 0.42 0.55 0.13 0.16 0.20 0.55 0.58 0.60

* Single August 2019 measurement at each arm; all other years had a minimum of 3
measurements per arm; ** July and August 2021 only

Page 8 of 41



Table 2. Total number of dissolved oxygen readings and percent of readings that were hypoxic (1-2
mg/L) or anoxic (<1 mg/L) from July-October for each decade in the Upper, the Lower, and the Oaks
Arm of Clear Lake.

Upper Lower Oaks
Time Total % % Total % % Total % %
Period Samples Hypoxic Anoxic Samples Hypoxic Anoxic Samples Hypoxic Anoxic
119967%- 28 11 21 29 10 48 27 4 30
o 66 12 27 65 14 23 65 9 25
11998910_ 38 5 21 38 5 26 38 18 16
12%%10- 34 15 15 37 8 30 35 6 23
22%01 10_ 33 3 24 33 6 21 33 3 15
22%1119- 26 12 23 26 8 27 26 0 23
Total 228 9 28 224 8 22 225 10 23
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Table 3. Spearman's rho correlation coefficients between seasonal climate and median July-October total
phosphorus (mg/L) data in Clear Lake from 1968-2019. Tmin = mean air temperature minimum, Tmax =
mean air temperature maximum, Precip = total precipitation. See Appendix S1: Figures S5-S7 for
scatterplot data.

Season S;i‘lil::ll)tli Upper Lower Oaks
Nov-Mar Tmin -0.08 -0.09 -0.09
Tmax 0.22 0.26 0.24

Precip -0.30 -0.34 -0.31

Apr-Jun Tmin 0.18 0.25 0.19
Tmax 0.14 0.22 0.18

Precip -0.06 -0.02 -0.03

Jul-Oct Tmin -0.11 -0.06 -0.12
Tmax 0.22 0.19 0.28

Precip -0.30 -0.21 -0.25

bold: p < 0.05, italics: p<0.1

Figure Legends.

Figure 1. (a) Clear Lake and its watershed in relation to the 2018 Mendocino Complex Fire
(Ranch and River fires). These wildfires collectively burned 40% of the Clear Lake watershed
from July-November 2018. Background is a false color composite (red, green, blue (RGB) 7, 5,
2) Landsat 8 (satellite) image from November 15, 2018, approximately 1 week after the Complex
ceased. Brown indicates fire-scarred vegetation. (b) Wildfire extent in the Clear Lake watershed
in 1981 (12% burned) and 1996 (7% burned), the next largest fire years besides the 2018 fire
year.

Figure 2. Annual proportion of the Clear Lake watershed burned by wildfires from 1923-2020.
Note that 1981, 1996, and 2018 were the three biggest fire years in the watershed. Source: CAL
FIRE.

Figure 3. Total phosphorus (TP) concentration data in the (a) Upper Arm, (b) Lower Arm, and
(c) Oaks Arm for the three largest wildfire years based on annual proportion watershed burned
(1981: 0.12, 1996: 0.09, 2018: 0.40) in the Clear Lake watershed. Boxplots show July—October
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surface TP data (interquartile range, median, and outliers) from all sites for the 3 years prior to
the fire (blue) compared to three years post-fire (red). For the 2018 fire year, no post-fire data
were available for 2020.

Figure 4. Median surface total phosphorus (TP) concentration data from July-October in Clear
Lake in the (a) Upper Arm, (b) Lower Arm, and (c) Oaks Arm from 1968-2021 (note: no data
were available for 2020).

Figure 5. Median surface (< 3 m) water temperature data from July-October in Clear Lake in the
(a) Upper Arm, (b) Lower Arm, and (c) Oaks Arm from 1968-2019. Median deep water
temperature data for the same time period for all Arms is available in Appendix 1: Figure S8.

Figure 6. Long-term surface (light blue) and bottom (dark blue) median dissolved oxygen (DO)
concentration data for July-October for the (a) Upper Arm, (b) Lower Arm, and (c) Oaks Arm
from 1968-2019 in Clear Lake. The dotted gray line is an indicator of hypoxia (< 2 mg/L) and
the solid gray line is an indicator of anoxia (< 1 mg/L).

Figure 7. Correlation between hypoxic dissolved oxygen (DO) concentration data (< 2 mg/L)
from July—October to soluble reactive phosphorus (SRP) concentration data from the same depth
for the (a) Upper Arm, (b) Lower Arm, and (c) Oaks Arm for 1968-2019 (n = 169 total samples:
n =54 at Upper, n = 62 at Lower, n = 53 at Oaks). » = Spearman’s rho. Correlations for DO
compared to TP are provided in Appendix 1: Figure S9.
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